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IMPINGEMENT OF CLOUD DROPLETS ON A CYLINDER AND PROCEDURE FOR MEASURING
LIQUID-WATER CONTENT AND DROPLET SIZES IN SUPERCOOLED CLOUDS BY

ROTATING MOLTICYLINDER METHOD 1

By R. J. BmJN,W. Lmvxs, P.

SUMMARY

Emkaiion of the rotuting nw.lti.cylinder method for the
meaauremerdof droplekize d&ribwhm“ , volume-nwdiandroplet
8ize, and liquid-wakr COW in clouds ehowed thut wnaLl un-

certaintks in the bmti.cda.tueliminate the distinction beiween
di$ereni cloud droplet+ize distribu$imwand are a source of
large errors in the dziermination of the dropkt 8ize. Cal.4Wa-
tiona of the trajectoria of cloud drop.ld in incompredle and
comprwi.ble ~$ekis around a cylinder were performed on a
mahunizal analog mtruc.?d for the 8tudy of the trajeti”es of
droplds around aerodynamic boditx. Many dda poinl.s were
carejwily calcuh!d in order to determiw prtiely h rti of
dropkt impingement on the m.rface of a right circular c@in&r.
.lVom the computed droplet trajectmia, the following im@ge-
ment characteristti of the cylinder mqface were obtaimd and
are pnxeni!ed in ternM of dimerwiomk parameters: (1) total
rate of watir impingement, (2) dent of droplet impingement
zone, and (3) .?oaddtitribuiion of impinging uuteT on cylinder
8urjace,

The rotaiing mwltieylinderma!hodfor in--igti determination
of liquid-walercontent,dropkt size, and dropletia didributb
in icing cLnui3 is o?wribed. The theory of operation, the
apparatwxrequired, ti technique of obtuining data in $ight,
and detded nwthoG%of calculating the rewlti, including
mcessa~ churt.cand tit%, are prB&. An evaluuiion of
the m?dtiqdinder method inckk the efect on jh.d Tedi!$ of

dropl+dsthat do not freeze completely on the cylinders after
striking them, a-swell as probable errors in$nal remh caused
by tlt.einherent iw&ivity of the mw.hhkylindermethod.

INTRODUCTION

As part of a comprehensive research program directed
toward an appraisal of the problem of ice prevention on
aircraft, the NACA has undertaken an investigation of the
impingement of water droplets on aercdfiamic bodies.
Previous investigators have calculated the water-droplet
tmjectorics for right circular cylinders (refs. 1 to 5), for
bodies of revolution (refs. 6 to 8), for elbows (ref. 9), and for
airfoils (refs. 10 to 15). The trajectory results on bodica of
revolution, elbows, and airfoils have been applied to the
design of equipment for the protection of aircraft components

J. Pmuws, and J. S. Smwmw

agakt ice formation. The calculations of watm-droplet
impingement on cylinderp have occasionally been used for
the same purpose but are most useful in connection with
flight instruments used in the study of liquid-water content,
droplet size, and size distributions in icing clouds. A
knowledge of the constitution of supercooled clouds is necw-
sary in order ti design equipment for aircraft icing protection.

A commonly used technique for measuring cloud liquid-
water content, droplet size, and drople&size distribution
involves the collection of ice on cylinders exposed to the air
stream in the icing clouds. This technique is known as
the rotating multicylinder method (refs. 1 and 16). In
this method, several right circular cylindem of diflerent
diameters rotating on a common axis are exposed from an
airplane in flight to the supercooled droplets in a cloud.

In the usual procedure for obtaining cloud-droplet data,
the cylinders are extended through the airplane fuselage
during the exposure period and are then retracted for
disassembling and weighing. The cylinders are rotated
during exposure in order to secure uniform ice collection
around the circumference and thus to preserve a circular
cross section during the entire exposure. It has usually
been assumed that during the exposure period in flight all
the supercooled droplets that strike the cylinders freeze
completely on the cylinders. This assumption is not
strictly true, because a small portion of the impinging water
is lost by evaporation; and, under some conditions of tem-
perature and impingement rate, a considerable fraction
may run off in the liquid state (refs. 17 and 18). Calculated
corrections for evaporation and calculated values of the
conditions under which run-off may occur are presented
herein.

The measurement of droplet size, dropletaize distribution,
and I.iquid-watw content is based on the principle that cylin-
ders of diihrent sizes colleet different quantities of ice per
unit hontal area. The amount of ice collected per unit
frontal area is expressed in terms of the collection efficiency,
that is, the ratio of the mass of ice collected to the mass of
liquid water contained in the volume of space swept by the
cylinder. The collection efficiency presented herein is
obtained from wilculations of cloud-droplet trajectories with
respect to the cylinders. The collection eflkiency is a known

I SupwaedesNAOA TN ZCL3,‘Tmplngemant of Olond Dropletson kmdymmlo BodJ&sasAfLmW3by ~mp-iblllty cdAirFlowAround tba BcKIY,” by RInfddo J. Brrq John S.
= ~d m M. Q% M TN ~, ‘~pbwmmt of JVabx DmPIota cma OYlhdm in an Immxm=blo Plow PloldandEvohmtIonofBotatingMakhyllndmMetbcdfa
bfcnsnrementofDmplat-SkoDlstritmtlon,VolrmwMedlanDropletS@ andLlqrdd-WaterOont8ntin OloII~ by RbmldoJ.BmnandHarryW. Merglor,If@&andRM E- 9rc-
cedaroforBfemurfngIA@d-Watar Cmtont and DropIet Skes h Sqmmcdwi Olondaby Rorating MaMoyllndorMotho~’ by WIIUomLew@PorterJ. P@&lIwendRkmldoJ.BrmL19SS.
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function of droplet size, cylinder size, airspeed, air density,
and air viscosity. The liquid-water content and the average
droplet diameter are determined from a comparison of the
measured weight of ice collected on each cylinder with the
calculated values of collection efficiency. The actual
distribution of cloud-droplet sizes cannot be determined as
such by the multicylinder method, but the degree of in-
homogeneity can be approximated by ccmparing the ilight
data with valuea of collection eiliciency calculated for hypo-
thetical droplet-size distributions.

An evaluation of the effect of the compressibility of air
on the cylinder collection efEciency is presented herein,
because the flight critical Mach number on the cylinders is
attained at relatively low airplane speeds. The fLight
critical Mach number is deiined as that airspeed which
results in sonic velocity at some location on the cylinder.
In order to evaluate the magnitude of the ccmpres.sibility
eflect on droplet impingauent, trajectories in a compressible
flow fieId around a cyIinder were calculated at the NACA
Lewis laboratory and the results ccmpared with those of
trajectories calculated in an inccmprewible flow field. The
rcsulta of the trajectories calculated in an incompressible
flow field were also compared with results available in
references 1 to 5, in which the trajectories ware calculated
for an incompressible flow field around a cylinder. Some
di.ilerence-wasfound between the NACA results and those
in the reference-s. Also, a considerable difference was found
to exist among the refamuces cited. Because of the differ-
ences in the existing literature, a recalculation of the trajec-
tories in an incompressible flow fiald around a cylinder was
undertaken at the NACA Lewis laboratory.

In reference 1 the force9 acting on the wal%r drcplet were
calculated frcm %&29’ law for slow translatcry motion of a
small sphere in an inccmpre.mibleviscous fluid. The forces
acting on the water droplet were calculated more precisely
in references 3 to 5 by the use of the experimentally deter-
mined drag coefficient for a sphere in terms of the Reynolds
number. The calculations for the trajectories were per-
formed in references 1,2,4, and 5 by a step-by-step integra-
tion of the seccnd+xder nonlinear diilerential equations that
describe the motion of the droplets around a cylinder. The
calculations presented in reference 3 were made more
accurately with the use of a dMerential analyzer. Another
difference among the investigations (refs. 1 to 5) is the values
of the droplet velotitiw assumed at the bq$nning of the
integration prccws of the equations of motion.

The method used in reference 3 for calculating the water-
drcplet trajectories hsa been used for calculating the data
persented herein. Many more data points were carefully
calculated for the results presented herein than were cal-
culated for the data in reference 3, in order to determine
more precisely the rate of impingement of drcplets on the
surface of the cylinder. Accuracy wss emphasized in all the
calculations, because the insensitivity of the rotating multi-
cylinder method in its application to the measurement of
drcpletisize distribution does not permit wide tolerances in
the theoretical data. Curves were established over a wide
range of the variables in order to determine whether the
impingement on cylinders follows rules that might be

available for extension in future studies to ot+er aerod~amic
bodies.

The procedure is also presented in this report for the
application of the calculated data in the determination of
average droplet size, droplet-size distribution, and liquid-
water content from multicylinder flight data. The demrip-
tion of the apparatus adopted for flight use at the NACA
Lewis laboratory, the procedure used in taking data in fight,
and the custom~ method of processing the flight data are
descriptions of techniques developed by the NACA and
others interested in the problem of measuring the character-
istics of icing clouds. These techniques are based on the
methods proposed in reference 3.

I. CALCULATED IMPINGEMENT OF DROPLETS ON
CYLINDERS

The trajectmiea of atmospheric water droplets about Q
cylinder moving at subsonic velocities were calculated with
the aid of a d.iflerentislanalyzer at the NACA Lewis labora-
tory. The rate, distribution, and surface extent of imping-
ing droplets were obtained from the computed trajectories
and are summmized in this section in terms of dimensionless
parametam.

ANALYSIS

DEUVATION OF EQUATIONS OF MOTION

As a cylinder moves through a cloud, the amount of water
intercepted by the cylinder depends on the cylinder size, tho
flight and meteorological conditions, and the inertia of the
cloud droplets. In order to obtain the surface extent of
impingement and the rate of droplet impingement per unit
area on a cylinder, the cloud-droplet trajectories with respect
to the cylinder must be determined. The differential
equations that describe the droplet motion have been stated
in reference 3 and are derived in the following paragraphs,

From the conventional forms of the equations for the drag
force of a body in a fluid

F= c=$k~a~

and for Reynolds number

for a sphere having a relative velocity iIwith respect to the
fluid. (All symbols are defined in appendix A.) The
equation of motion of a water droplet in terms of its z-
ccmponent in a rectmguku+ coordinat8 system is

4 dv~_CDRe——— ~ap(u~—o~
- *a=p” dt 43

where the velocity terms with the prime superscript are in
feet per second. In dimensionless terms, the equation of
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motion for the z-component becomes

and for the y-component becomes

where

(1)

(2)

(3)

The Reynolds number Re can be obtained conveniently in
termsof the free-stream Reynolds number,

SOthat
Re ‘

()G
=(ucuz)’+(%–thy

(4)

(5)

The free-stream Reynolds number, expressed with respect
to the droplet size, is used m a convenient term in the cd-
culatione and is not intended to imply relative motion
between the droplet and the free-stresm sir.

The term UJ?e/24 containing the coefficient of drag for
the droplets, required in equations (1) and (2), may be
obtained horn tables in reference 3 or 10. The values pre-
sented in references 3 and 10were obtained fim experimental
wind-tunnel data on the drag forces on epherea, presented
in reference I.fI. As the reIative motion between the droplets
and air approaches zero as a limiting value, the value of
ODRe/24approached unity as the limiting value, and Stokes’
law for the drag forces acting on spher~ applies

The air velocity components (ref. 20) for a cylinder in a
uniform, potential, and incompressible flow in two dimensions
and without circulation are

(6)

Equations (1) to (6) are written in dimensionless form in
order to maintain the number of calculations at a rcii.mum
and to simplii the presentation of the resulti. The equa-
tions apply to the motion of droplets in a plane perpendicular
to the axis of the cylinder, which is located at the origin of
the rectangular coordinate system, as shown in figure 1. At
an infinite distance ahead of the cylinder, the uniform air
flow carrying the cloud droplets is assumed to be approaching
the cylinder from the negative Airection and parallel to
the z-axis. AU the distancea appearing in the equations and
in the iigures are ratios to the cylinder radius L, which is the
unit of distance. The velocities appear ss fractional parta
of the free-stream velocity U. Time is expressed in terms
of the cylinder radius and free-stre~ velocity, so that

Cylinder outline-=,,
‘. Y
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Fmuzn l.—Coordinate system for cylinder.

r=tU/L. In thismanner the unit of time is the time required
for a droplet to travel a distance L at velocity U.

The differential equations (1) and (2) state that the
motion of a droplet is governed by the drag forces imposed
on the droplet by virtue of the relative velocities between
the droplet and the local air in motion along the streamlines
around the cylinder. The droplet momentum tends to keep
the droplet moving in a stiaight path, while the dmg forces
tend to force the droplet to follow the streamlines. For very
small droplets and slow speed, the momentum of the droplets
parsllel to the direction of the free-stream motion is small,
and the drag forces are large enough that little deviation
from the streamlines occurs; wheress, for large droplets
or high speed, the momentum is large enough to cause the
droplets to deviate from the streamlines and follow- a path
more nearly in the direction established by the free-stream
velocity. In accordance with the statement of equations (1)
and (2) and the definition of the parameter K in equation
(3), the trajectories depend on the size of the cylinder, the
radius of the droplet, the airspeed, and the air viscosity m
first-order variables.

&sumptions that have been necewwy in order to solve
the problem are:

(1) At a large distamw ahead of the cylinder (free-strewn
conditions), the droplets move with the same velocity ss
the air.

(2) No gravitational force acts on the droplets.
(3) The droplets are always spherical and do not change

in size.
The fit two assumptions are valid for droplets smaller

than drizzle or rain drops, because the inertial forces of the
droplets areusually much greater than the gravitational force.
The assumptions are also valid for falling rain drops if the
free-strewn velocity with respect to the cylinder is much
greater than the drop velocity caused by gravitational force.
Preliminary calculations show that the third assumption is
valid for the usual meteorological and flight conditions in
which cyli.ndemare used. An evaluation of the evaporation
rate of droplets is presented in reference 21.

CALCULATION PROOEDIJEZ

The differential equations of motion (eqs. (1) and (2)) axe
diiiicult to solve by ordinsry means, because the actual values
of the velocity components of the droplet relative to the air
and the term containing the coefficient of drag are not known
until the trajectory is traced. These values are determined
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as the trajectory of a droplet is developed, because their
magnitude depends on the position of the droplet in the flow
field. Simultaneous solutions for the two equations of mo-
tion were obtained with the use of a mechanical analog based
on the principle of a differential analyzer. A description of
this analog and the method of solution for the droplet tra-
jectories are presented in appendix A of reference 22. The
anmvem were obtained in the form of plots of the droplet
trajectm-ies with respect to the cylinder, as shown in figure
2. The second-quadrant section of the cylinder is outlined.
The ordinate scale was expanded approximately 4 times the
abscissa scale with appropriate gearing in the analog in an
effort to obtain the maximum accuracy in the determination
of the points of impingement of the droplets on the cylinder
surface.

Before the integration of the equations of motion could be
performed with the analog, the velocity of the droplets at
the start of the integration had to be determined. As has
been postulated in the assumptions, at an infinite distance
sihead of the cylinder, all the droplets have vertical and
horizontal components of velocity that are the same as those
of the free-stream air. At finite distances ahead of the
cylinder, the droplets have velocity components and posi-
tions varying between those pertaining to the undisturbed
free stream and those pertaining to the air streamline. A
study of the air streamlines showed that only a gradual
deviation of the air stremolineahorn the free-stream velocity
takes place up to approximately 5 radii ahead of the cyl-
inder centerline. A large rate of change of air motion takes
place between z-= —5 and the cyliudar surface. The equs-
tions of motion (eqs. (1) and (2)) were linearized by an ap-
proximation and solved between z= — w and z= —5 by
the method presented in reference 3 and discussed herein in
appendix B. The trajectories of the droplets impinging on
the cylinder are shown in figure 2 plotted from z= —5 to
the point of impingement on the cylinder surface. The
analog starting conditions at z= —5, as calculated by the
Iintied equations, were checked for several values of K
and were found to be within the accuracy of the analog
(appendix B).

The trajectories shown in figure 2 are repremntative of
operating conditions that result in values of K=4 and BeO
=63.246 (eqs. (3) and (4)). The topmost trajectory A is
tangent to the cylinder and determines the maximum extent
of impingement of droplets for the conditions given for
figure 2. All droplets having trajectories below this tangent
trajectory strike the cylinder; whereas, all droplets having
trajectorica above this line will miss the cylinder.

The impingement of droplets on the third quadrant of
the cylinder (fig. 1) is identical to that on the second quad-
rant, except that the trajectoriw are mirror images of those
shown in figure 2. The amount of water impinging on the
cylinder is the total water in those droplets bounded by the
second- and thirdquadrant tangent trajectories. II the
cloud of droplets is asaumed to be uniform at a large dis-
tance ahead of the cylinder (fkee-stream conditions), the
water intercepted by the cylinder per unit time is the water
contained in a volume of cloud of unit depth and length but

I.0

.8

YIJ

A.. 0.616(mm)

.6 — — — — — “.59
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FIGURE 2.—Trajeotoriea of droplets impinging on oylindcm, Free-
stream Reynolds number, 63.246; inertia parameter, 4; p, 1000.

with a width that has twice the value of ye,., the ordinato
at idinity of the tangent trajectory.

For the conditions of K and & applicable to the trajec-
tories shown in figure 2, the tangent trajectory A also de-
termines the cylinder collection efficiency, which is defied
as the ratio of the actual water in the droplets intercepted
by the cylinder to the total water in the volume swept out
of its path by the cylinder. For a cloud composed of drop-
lets all uniform in size, the collection efficiency is equal to
yo,~in magnitude, because in the trajectcq calculations the
ordinate yo~ is given as a ratio to the cylinder radius.

The tangent trajectories were computed in order to obtain
the water intercepted by the cylinder and the cylinder col-
lection eiiiciency. The tangent trajectories also detmnine
the angle of maximum extent of impingement. The anglo
of mtium extent of impingement is denoted by tlm(fig.
2), and the angle of impingement of the intermediate tra-
jectories is denoted by & The accuracy in determiningg 0.
was approximately + 1.5°. The trajectorica intermediate
between the z-axis and the tangent trajectory were com-
puted in order to obtain the distribution of the water on tho
cylinder surface.

Trajectories for droplets with low inertia hovered along
the surface of the cylinder over large circumferential dis-
tances. The crowding together of the trajectories near the
cylinder for very low values of K did not permit the &1.60
accuracy to be maintained for values of K<l with the same
scale factors shown in figuq 2. For values of K< 1, the
scale factors of the cylinder were doubled so that the trajec-
tories were plotted with respect to a cylinder 40 inches in
diameter. For these low values of K, the ordinate scale was
not distorted with respect to the abscissa scale. A small
section of the cylinder surface with the trajectories of drop-
lets impinging on it is shown in figure 3. Although only
the portion of the trajectories from x= —2 up to the cylinder
surface is shown in figure 3, the trajectories were cnhdated
by the machine tim z= –~ and the starting conditions at
z= —5 were obtained as explained in appendix B.
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l?xQmtE3.—Trajeotories of droplets with low inertia parameter
(K= O.5).

Au attempt was made to increase the ease in locating the
point of tangency by calculating a trajectory slightly below
the tangent trajectory and running the trajectory through
the cylinder (trajectories B, fig. 3). The trajectory near the
tangent trajectory deii.ned the tangency by cutting the
cylinder at two deiinite points, such as a secant line. This
method of determining the tangent is accurate only if trajec-
tory B is very near the tangent trajectory. The increase in
scxde factor for low values of K permitted an accuracy of
& 1.5° to be obtained for 0~for K=O.5, and &2° for K= O.25.

DATA PRESENTATION

Series of trajectories, such as those shown in figure 2,
computed for several combinations of values of K and l?%,
permit the evaluation of area, rate, and distribution of
water-droplet impingement on cylinders. The data are
presented herein in terms of dimensionless parametem in
order to generalize the presentation of the data and to gain
flexibility in the application of the data to experimental and
mmlyticd studiw. Examples i.m-olving dimensions and
flight conditions are used harein whenever the examples are
aids in clmifying the presentation of the data. Typical
values of dimensions and flight conditions are used in most of
the examples given; however, because of the nature of the
dimensionless parametam, a large number of combinations
of values of the variables, such as free-stream velocity,
cylinder size, droplet size, and others (eqs. (3) and (4)),
would apply to the particular value of the dimensionless
parameter illustrated by the example. A system of equa-
tions for the evaluation of dimensionlessparametem in terms
of variables with units commonly employed in aeronautics
is presented in appendix C.

The results are often presented herein as functions of the
parameter K. The parameter K has been termed the
inertia parameter, because its magnitude directly reflects
the external force required on a droplet to cause a deviation
from the original line of niotion of the droplet. A dimension-
less parametm p, defined as

(’n

was adopted in reference 3 for the presentation of the data
and is also employed herein. The pamebm K and ~

together are sufficient to define the conditions of a particular
impinging droplet. The parameter q is valuable in that q
is not a function of droplet size. The parametir p is an
important concept in the interpretation of icing-cloud
measurements in which the droplet size is not measured
directly and is an unknown which must be calculated.
(l?rocedure for calculating droplet size is discussed in sections
Ill and IV.) In the interpretation of icing-cloud measure-
ments in which cylinders of different diameters are exposed
to the supercooled droplets from an airplane in flight, p may
be considered to be a function of altitude through its de-
pendence on air density p= and viscosity p for any given
cylinder size and flight speed.

The magnitude of q is a measure of the deviation from
Stokes’ law for the forms acting on the water droplets.
Stokes’ law was derived for slow translator motion of a
small sphere in an incompressible viscous fluid and applies
precisely in the limiting value of p=O, when the free-
stream Reyuolds number is zero or the droplet motion rela-
tive to the cylinder approaches zero as the limit (eq. (7)).

RESULTS AND DISCUSSION

COLLECTION EFPICISNCY

The collection eiliciency is presented in figure 4 as a
function of the inertia parameter K and the parameter p.
For the conditions in which a cylinder is movhqg through a
cloud of droplets that are all uniform in size, the total rate of
water interception per foot span of the cylinder is

W*=2ELUW (8)

The collection efficiency increases with increasing values of
K. The primary variables in the inertia parameter K (eq.
(3)) are the droplet size, the free-stream veloci@-, and the
cylinder size. The range of variation of water density or
air viscosity over the range of temperature changes in the
ordinary atmosphere from sea level to 30,000 feet is small
compared with the range of variation possible with the other
variabl~ in equation (3).

The collection efficiency increases with increasing droplet
size an”d free-stream’ velocity, because an increase in the
free-stream momentum of the droplet with respect to a
cylinder increases the forces necessary to force the droplet
around the cylinder. h increase in the cylinder size de-
creases the collection efficiency, because the large cylinders
cause the air strerunlinwto start moving around the cylinder
a greater actual distance (not in terms of ratio to cylinder
radius) ahead of the cylinder than the small cylinders. The
greater distance ahead of the cylinder in which the stream-
lines are moving around the large cylinder permits the air
drag forces to act on the droplets for a longer time t in
seconds, thus causing a smaller proportion of the droplets
that are in the path of the cylinder to impinge on the cylinder.
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For the conditions in which Stokes’ law applies for the
drag force (qJ=O), the values of figure 4 for collection ei3i-
ciency are vary nearly the same as those prwmted in ref-
erence 3. The results of figure 4 and reference 3 are both
lower than those presented in referencw I and 2, again for
P=O. The calculations for the work presented in references
1 and 2 were not made with diffcmmtialaneilyzers,nor were
the conditions at the start of the trajectories determined by
the method presented in appendix B. The di&mnces may
result from either the method of calculation or the assump-
tions at the starting conditions. The calculations of reference
2 included only valuw of Klein than 2. The results of figure
4 differ somewhat horn those of reference 3. For P=1O,OOO,
the results of figure 4 are higher than those in reference 3 by
O,8, 7, 2, and Opercent for K=l, 4, 16, 36, and 256, respec-
tively.

The calculated points shown in figure 4 are presented in
table I. Corresponding pointe obtained from curves given
in reference 3 are also given in table I for comparison. No
calculations were made in references 1 and 2 for values of P
other than zero. Although a few calculations were made in
reference 5 for W=16,000, the results are not comparable
with either the rcaults presented herein or in reference 3,
because the starting condition and method of computation
were not the same. For the same reasons, the results of
reference 4 are not comparable. The values of lZ’given in
reference 4 axe all considerably higher for all valuea of q than
valuea for corresponding conditions given either herein or in
reference 3.

The expanded ordinate scale used with the analog per-
mitted the calculations presented herein for the collection
efficiency to be read accurately within +0.002 unit for values
of E between 020 and 1.00. The accuracy in obtaining 17

for values of K=O.5 and 0.25 waa +0.003 and +0.004,
respectively, because the accuracy in the determination of
the tmgent trajectory was not aa good for the low valuea of
K, as stated previously. The valuea shown in figure 4 for
K=o.5 and 0.25 are averages of two or more check calcu-
lations.

TABLE I.—COMPARISON WITH RESULTS OF REFERENUE 8
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FIWEH 6.—Maximum angle of impingement on oylinder. (A 17-by 21-in. prht of this figure is available from NACA on request.)

MAXIMUM ANGLE OF IMPINGEMENT

The maximum angle of impingement is given in iigure 5
ns a function of K and q. The maximum angle of impinge-
ment, in rrdirms, increasca with increasing vslues of the
‘inertia parameter K. The curves in figure 5 are similar in
shape to those in figure 4 for the collection eiliciency. As
was discussed in the section on CALCULATION PROCEDURE)the
accuracy in determining On was & 1.5° for conditions in
which K=O.6. The curves of figure 5 were faired through
averages of readings by several observem of the original
trajectory plots. For the low valuea of K (K<l), two or
often more than two check analog calculations were made.
A comparison of the angle of impingement given by the
curves of figure 5 with the results of reference 3 is made in
table I.

IMPINGEMENT OF INTERMEDIATE TEAJECTORIBS

The starting ordinate yO at infinity of any trajectory,
including the trajectories between the tangent trajectory
and the z-axis such as shown in figure 2, can be found in

figure 6 for any given angle of impingement on the cylinder.
The starting and ending positions of the trajectories are
shown in &me 6 for the five different values of p studied.
For each value of p, curves for several values of K are pre-
sented. The choice of the particular values of K shown in
each iigure was governed by the gearing available for the
analog.

The amount of water impinging between any two given
points on a cylinder moving through a uniform cloud can be
found horn the results given in figure 6. l?or example, if the
amount of water impinging between the z-axis and a point
0=45°=0.785 radian must be lmown for-a 1)&inch cylinder
moving with a free-stream velocity of 130 miles per hour
through a cloud composed of 20-micron droplets, the value
of go to be used in the relation

w= uwIJyo (9)

for Q=1OOOand K=4 is found in figure 6 (c) to be 0.53. The
amount of water ig.Ipinging between two points, where one
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(a)~p, O. (c) p, 1000. (e) p, 50,000.
(b) p, 100. (d) P, 10,000.

~muEE 6.—Trajectory darting ordjnatcs as function
of angle of impingement. ”

of the points is not on the x-axis, is found~by”using hhe
relation

W= UWUYorYoJ) (9rL)

The angle 8 is given in radianEin figure 6 to permit a con-
venient conversion of the data of figure 6 in the determi-
nation of local rates of water impingement discussed in the
following section.

An analysis of the data points in figure 6 reveals that CLH
the points fdl on sine curves, with amplitude and period de-
pending on the values of K and 9 studied. The reason for
this behavior is not apparant from a study of the equationa
of motion (eqs. (1) and (2)), which are very nonlinear rmd
do not permit a formal solution. However, this behavior
of the data can be used advantageously, in that curves of
y. ss a function of o for values of p and K in addition to those
curves given in figure 6 me possible with the aid of tho ex-
pression

()
yo=~ A ; + (lo)

m

The following examples illustrate the use of equation (10).
If the curve of yOw a function of 0 for P=1OO and K=2 is
desired (shown in fig. 6(b) without calculated points), the
amplitude and period that determine the terminus of the
desired curve are obtained from figures 4 and 5, respectively.
The value of yo==lZ=0.493 is found in figure 4, and the
value of On=1.092 is found in figure 5. These valuea of
YO,. ~d L me the terminus valuea and a measure of the
amplitude and period, respectively, of the desired sine curve
for p= 100 and K=2. Other points along the desired curve
are obtained by solving equation (1O) over a range of valuea
of Ofrom zero to 19~.

If a knowledge is required of the amount of water imping-
ing between 0=40°=0.698 radian and 0=50°=0.873 radian
on a cylinder for which the operating conditions were E= 6
and p=3000, the value of (yO,z-yo,l) required in equation
(9a) is found by interpolation of the curves presented in
figures 4 and 5. The value of yO,.=lZ is found from figure 4
to be 0.66. The value of Onis found from figure 6 to be
1.255. The values of O/t?mrequired for use with equotion
(10) are 0.698/1.255=0.556 and 0.873/1.265=0.696 for tho
two points of interest on the cylinder. TIIo value of
(Yo.2–3f0.J for use in equation (9a) is

0-66[s*G06’6)-sin
The dsshed lines in figure 6 are the loci of tho tmnini of

the sine cnrvea. These dashed lima are cross plots of the
curves given in figures 4 and 5. The accuracy in determin-
ing the dsshed lines is the same as the accuracy for figures
4 and 5. The accuracy in obtaining the intermediate
points was usually much better, becwwe the points whore
the intermediate trajectories intercepted the cylinder were
much better ddned” than were those of the tmigent tra-
jectories (figs. 2 and 3). The tolerances m%approximately
*0.001 for YO and ztO.012 radian for 0.
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LOCAL RATE OF DROPLET IMPINGEMENT

The local rate of water impingement per unit of area on
tho cylinder surface located at a given angle o can be deter-
mined from the relation

(11)

provided o is measured in radians. The magnitude of the
term dyO/dtlis the fractiomil part of the maximum water that
could impinge on a local area of the cylinder, if all the trw
jectorim were parallel straight lines and the cylinder surface
were projected into a plane perpendicular to the trajectories.
A value of

indicatea that the intensity of impingement on a local area
of tho cylinder is the maximum possible for the liquid-water
content present in the cloud. For a uniform cloud composed
of droplets all of the same size, the value of Bis obtained from
tho slope of the curves of y. as a function of o presented in
figure & Curves of /3that correspond to the data of figure 6
am presented in figure 7. The rate of droplet impingement
is highest at the stagnation point (0=0).

C!urveaof P as a function of o in addition to those given in
figure 7 can be found from the relation

where t?is measured in radians. This relation applies on the
assumption that the curves in figure 6 me sine curves for
which the amplitude is characterized by yo,mand the period
by em,

TANQEN’IIAIeVELOCITY COMPONENTS

Tho tangential-velocity components of both the air and
those droplets that are tangent to the surface of the cylinder
are presented in figure 8 in the form of a velocity hodograph.
The vertical and horizontal components of the air velocity
ot the surface of the cylinder can be found horn the outer-
most velocity hodograph. The graduations denote the angle
6 measured clockwise on the cylinder from the —z ordinate
to the +y ordinate (fig. 1). The velocity components of
them droplets that impinge tangentially to the cylinder
(trajectory A, fig. 2) can be found from the hodograph en-
closed by the air hodograph. A line passing through the
0,0 ordinates of the hodograph and a given, position angle o
on the air hodograph will give the velocity direction of both
the nir and the droplets at that point on the cylinder, because
both the air and the droplet velocities are txmgent to the
cylinder. The values of the inertia parameter K that cor-
respond to the calculated points are shown at each point.
Apparently, the velocity components for all droplets, re-
gardless of the combination of p and K, can be represented
by one curve. This relation between o. and o> was also
noted for airfoils in reference 11.

Cylinder a~ie, 8, rn-dians

(a) p, o. (u) p, 1000. (e) p, 50,000.
(b) p, 100. (d) p, 10,000.

Fmmm 7.—Loc.al impingement effioienoya9 function of
oylfnder angle.
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The method for obtaining the vertical and horizontal
component velocities of both the air and the droplets is
illustrated for the example involving a cylinder 1%inches in
diameter moving with a free-stream velocity of 125 miles
per hour at 10,000 feet NACA standard altitude conditions
through a cloud composed of uniform droplets 20 microns in
diameter. For these conditions K=3.6 and P=1OOO. The
maximum angle of impingement, which corresponds to the
point on the cylinder where these droplets impinge tangenti-
ally, is found in ilgure 5 to be 1.172 radians, or 67°. The
vertical component of droplet velocity or at the point of
tangency on the cylinder is 0.41 and the horizontal component
v=is 0.96, both values being given in figure 8 as ratios to Lhe
free-stream velocity. The air veloci~ components u, and
us are 0.72 and 1.69, respectively, times the free-stream
velocity.

At the cylinder angle & of 900, all the horizontal droplet
velocities must be unity, which is the free-stream velocity,
because only the droplets with infinite inertia will be tangent
to the 90° point on the cylinder.

II. EFFECT OF COMPRESSIBILITY OF AIR FLOW
AROUND CYLINDER ON IMPINGEMENT

OF CLOUD DROPLETS

All the calculations presented in section I were made with
the assumption that the air surrounding the cyIinders
behaved as an incompressible fluid. An evaluation of the
effect of the compressibility of air in the flow fieId on the
trajectories of cloud droplets is important, because the flight
critical Mach number of cylindam is only approximately 0.4.
For example, this value of Mach number corresponds to a
speed of approximately 290 miles par hour at a standard
NACA altitude of 10,000 feet. If important, the effect of
compressibility must be considered at the speeds often used

in taking multicylinder tlight data. The magnitude of the
compressibility effect is evaluated in this section.

ANALYSIS

In order to evaluate the magnitude of the compressibility
effect on droplet impingement, trajectories in a compressible
flow field around a cylinder were calculated and the resulting
collection ticiencies compared with those from trajectories
calculated in an incompressible flow field (section I). The
~w-ential equations that describe the motion of a droplet
in a compressible flow- field are the same aa equdions (1)
and (2). Since in a compressible flow field the viscosity and
density are not constant everywhere in the field, tlm
Reynolds numbers must be written as

()Reo=2aZ7 ; ,

and

(%Y=(L53[(W–%)2+(%-M

(12)

(13)

A necessary assumption in order to solve the problctm, in
addition to the three presented in section I, is that tlm ratio
of the local viscosity ~ to the free-stream viscosity ~, nppear-
ing in equation (13), is unity. This assumption is vtdicl,
because viscosi~ is not appreciably affected by the order
of magnitude of the changes in temperature found along a
trajectory. This last assumption also permits the definition
of the inertia parameter as

(14)

The compressible air flow around the right circular cylindm
of iniinite extent is described by the following equations:
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The first bracketed term describes the incomprwible flow
around the cylinder. The term with the M factor and the
term with the 314 factor are, respectively, the fir%- and
second-ordcx corrections for the effect of compressibility on
the incompressible flow field. The expression for the veloc-
ity potential, from which equations (15) were derived, was
obtained from reference 23. la equations (15), a is measured
counterclockwise horn the z-ti of the cylinder, as is shown
in figure 1.

The compressible-air velocity mmponents in the flow field
(eqs. (15)) were calculated at a Mach number of 0.4, be-
cause the effect of compressibility for completely subsonic
flow is considered greatest at or near the flight critical Mach
number. The value obtained for the flight critical Mach
number depends on the number of correction terms applied
to the incompressible flow field and appears to approach 0.4
as a limit. Results presented herein involve the maximum
effect of compressibility, which restricts the free-stream ve-
locity to a value compatible with a Mach number of 0.4.

Because of the difficulties in making precise corrections to
the coefficient-of-drag term in equations (1) and (2) and to
the density terms in equation (13), the problem was solved
in two steps. The tit step was to survey a range of va.hwa
of the parameters K and P to determine the conditions most
affected by compressibility. In this tl.rststep the horizontal
and vertical velocity components of the air flow computed
with equations (15a) and (15b) were used. The cmflicient
of drag was assumed to be a function of the local Reynolds
number Re only and not related to the Mach number, and
the air density ratio appearing in equation (13) was assumed
to be unity for this survey. Thus, only the air veloci~
obtained from the compressible-field calculations, not the
air densities, was used in obtaining the CJle/24 term
while the trajectories were calculated. In the second step,
variations of air density were introduced in the equations
(using the trajecixmiesobtained in the fit step as guides).
These corrections to the coeflicientaf-drag @m and the
air density variations (eq. (13)) were applied in the re-
calculation of the particular tijectory that showed the
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I?mmm 9.—Effect of compr=ibilfty on trajeohies of droplets

impinging on oylinder.

largest efTectin the iirat step. The difference in tho trajm-
tories resulting from the first and second steps was less than
the probable error of the analog.

RESULTS

The solid lines in figure 9 are the trajectories for dropleh
in a compressible-air flow field calculated at the fight criticnl
Mach number for the cyIinder (iWO=0.4), and the dashed
lines are the trajectories for droplets in an incompresaiblo
flow field. The set of lines labeled A are trajectories of drop-
lets with large momentum, that is, large in size and moving
with high speed. The momentum of these droplets is so kwgo
that the trajectories are nearly straight lines. One combi-
nation of operating conditions for which the tmjectorica A
wouId be applicable involvcs a cylinder % inch in diameter
.mom”ngwith a free-stream veIocity of 290 miles per hour
through a cloud composed of uniform droplets approximately
26 microns in diameter at a 10,000-foot altitude. The tra-
jectories A are tangent to the cylinder at the point of inter-
ception. The initial ordinate y, of the droplets at x= – ~
(fig. 1) is given in figure 9.

A comparison of the trajectories computed for the
compressible-air flow fiald with those for an incomprcs.siblo
flow field shows that, for droplets with large valuea of the
inertia parameter K (trajectbies A, fig. 9), the effect of
ccmprwibility is imperceptible. The effect of compremi-
bil.ity is aIso nc@gible on trajectories of droplets with low
values of K, as shown by the set of tangent tmj ectoriea
label-xl B. These trajectoriw would apply, for example, to
a cylinder 1 inch in diameter moving with a free-strewn
velocity of 290 miles per hour through a cloud composod of
uniform droplets approximately 4 microns in diameter at
a 10,000-foot altitude.

The greatest effect of compressibility on tangent trojm-
tories is found in the middle range of the droplet inertia
parameter K, as shown by the set of trajectories labeled C
in figure 9. Both trajectories are tangent to the cylinder,
but the droplets had to start at di.flerentordhmtea in order
to arrive tangent. For the droplets having trajectories C,
the collection efficiency (lZ=y,,J is 0.601 if compressibility
is accounted for, as compared with 0.514 when compressi-
bility is neglected.

The effect of compressibility on the collection efficiency is
tiown in figure 10 as a percentage difference, which is ob-
tained from the following relation:
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where the values for Et are obtained horn the collection
dliciency pre.mnted in iigure 4 for the incompressible flow
field. Tho greatest diilerence is about 3 percent at the con-
ditions of K=6 and P=50,000. The following tabulation
summarizes the effect of compressibility as a percentage
diffomnce betwem results computed in a comprwible and
cm incompressible flow field. Typical vsJues of dimensions
and flight conditions are involved in the examples given. All
calculations were made for 290 miles per hour, which is near
the critical speed for cylinders at the 10,000-foot NACA
standard alti~ude:
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DISCUSSION

l?rom the results of the tabtiation and of figure 10, it
may be concluded that for a cybder the effect of compress-
ibility of the air on the droplet trajectories is not very
groat up ta the flight critical Mach number; and, for most
practical problems involving measurements of droplet im-
pingement on cylinders, the compressibility effect may be
ignored.

The reason Lhrdthe effect of compressibility on droplet
trajectories is ahnost negligible is found by comparing the
compressible and the incompressible fiow fields. The effect
of compressibility is most pronounced on those streamlines
close to the cylinder. The compressibility ei7ect decreases
very rapidly with distance away from the surface of the
cylinder and everywhere becomes negligible 1 cylinder radius
mmy from the surface. Furthermore, the eifect of compress-
ibility is of consequence only over the top portion of the
cylinder, as shown in figure 11. Compw%on of compressible
and incompressible tangential air-flow velocities on the cyl-
inder surface (fig. 11) shows that the effect is pronounced
only for 0>60°. The angle is measured from the same
reference line as in figure 1.

Droplets forming the solid-line trajectory A in figure 9
am acted on, during the last portion of the trajectory, by

—.
Cyl;nder angle, 8, deg

Fkcrm Il.—Comparison of surface veloaity on oylinder in com-
prwaible and inoomprwiible flow fields at approximately flight
critiaalMach number.

air streamline that have a different pattar.u from the air
streamlines for an incompressible flow field; however, the
inertia of these droplets is so large that the last portion of
their path is not influenced appreciably by the compressi-
bility of the air flow. The droplets with low- inertia (trajec-
tories B, fig. 9) are always in the flow--field region where
there is no appreciable difference between the compressible
and incompressible air flow-s. The last portions of the tan-
gent trajectoriw (C) of dropleti in the middle range of
inertia are aitlected by compressibility. Droplets with tra-
jectories D and E have the same middle range of inertia as
those with tmjectork C. Trajectories D and E are not
tiuenced by compressibility for the same reason that
trajectory B was not influenced.

The sample trajectories presented in figure 9 summarize
the effect of comprwsibility over the complete range of
valuw studied for the parameters K and p. The small
effect of compressibility is most noticeably pronounced on
collection efficiency (fig. 10). The effect on the mminmm
angle of impingement O=was within the accuracy of the
analog. The effect on trajectories intermediate between
the tangent trajectory and the z-axis is imperceptible (tra-
jectories D and E, fig. 9). For this reason, the values of the
local impingement eiliciency /3are not noticeably afTectedby
compressibility; however, the cumulative eifect on &that

is,J‘“Bd~==results in the effect shown in figure 10.
0
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III. THEORY OF ROTATING MULTICYLINDER
METHOD

As wcs discussed in the INTRODUCTION to this report,
an important application of dropleMrajectory data with
respect to cylinders has been in the measurement of droplet
size and liquid-water content in icing clouds. Several cylin-
ders of diflerent diametars are exposed from an airplane in
flight to the supercooled droplets in the icing cloud. The
number of supercooled droplets that strike and freeze on
the cylinders is a function of the cylinder size and of the
flight and atmospheric conditions, as well as the inertisll
properties of the droplets. The liquid-water content and
droplet#ze distribution in the cloud are determined by a
comparison of the measured weight of ice collected on each
of the cylinders with the amount of droplet impingement
obtained from the calculated water-droplet trajectories for
cylinders of the same size and for the same flight and atmos-
pheric conditions. A brief discussion of the basic theory of
the multicylinder method is presented in this section.

BASIC CONCEPT

The mass of ice collected per unit space swept out by a
rotating cylinder exposed in a supercooled cloud is given by

For clouds composed of droplets of uniform size, the collec-
tion efficiency Z is given in section I in terms of the dimen-
sionless parametem

and

(3)

(7)

It iSassumed that W, P., pa, U, and ~ do not vary during the
esposum period.

When several cylinders of different radii are exposed
simultaneously from an airplane flying in a supercooled
cloud, all the quantities on the right side of equations (3)
and (7), with the exception of the cylinder radius L, are the
same for each of the cyIinders; hence, if L is eliminated by
combining equations (3) and (7), the resulting parameter

(17)

has the same value for each cylinder of the set. Thus, it is
evident that the mathematical condition that Kp is the
same for all cylindem corresponds to the phyeical situation
assumed to exist during the exposure of a mukicylinder set in
flight. The only unknown quantity on the right side of
equation (17) is the droplet size a. For a given simultaneous
e.sposure of several cylinders of difFerentradii, the mass of
ice collected per unit frontal area of each cylinder is propor-
tional to the collection eficiency E of each cylinder (eq.
(16)) and l/K is proportional to L (eq. (3)). Therefore, any
functional relation between calculated values of E and I/K,
when KP is constant, is also analogous to the functional
relation between the measured ice collected per unit space
swept out by the cylinder and the cylinder radius. The
latter relation is given by a plot of the flight data. The

basic concept states that a theoretically determined curve of
E as a function of l/K exists that is identical to the curve
defined by the flight data, except for scale factors. This
relation provides the basis in subsequent sections for comp-
aring the measured weight of ice collected on each cylinder
with the calculated water-droplet collections for the samo
cylinda and conditions. From these comparisons tho
droplet sizes and liquid-water contents of the clouds aro
obtained.

NONUNIFORM CLOUDS .
DF&OPLZT-SIZZDISTEIBUTIONPATTERNS

The data presented in figures 2 to 10 apply directly only to
clouds composed of droplets all of which are uniform in size,
In a cloud in the earth’s atmosphere, the water droplets am
often not of uniform size. For a cylindar e.xposod in a cloud
with a given droplet-size distribution pattern, the hmjoctory
data in the figures cited are used to compute other curves thctt
are applicable to the distribution pattern under considercttion,

Five diRerent droplet-size distribution patterns am deflxmd
in reference 3 for convenience in the classification of clouds.
The table of distribution patterns, reproduced herein as
table ~, was adopted to cover some of the range believed to

TABLE IL—FIVE ASSUMED DISTRIBUTIONS OF DROPLET
SIZE (REF. 3)

ala.
‘PotdM uld

WatGTln
oaehska D&tribntfom

gmnltw-

A s c D E
— —

b LMI 0.M o.4a
10

a al 0.23
LIXI .72 .81 .62 .44

2) L~ .s4 .77 .71 .0s
30 LW 1.m 1.m L@l LW
m LOI 1.17 1.20 1.37 1.48
10 LOI L32 1.m 1.74 lm
5 LfBI L 40 L 81 222 z 71

‘rhe d.m & exp~ as thoratioof the average dmp mdlns tn awb group to tbo volumo.
medkndmpredfmae

Esamplooffnter?mtatlon:31wumt 04thefiquld-watercontentof any oloudk mntrdmd
in dmplatswhfoh hava a mdlue u- In the caseof the Bdletrlbntlon, !Zl~nt of tho llquld-
water content k contafned In dmplots wldcb Imve a m dIusemaller than tho volume-modlan
radiusa. by a mtfo o/u.-O_84and another2) fmmsnt In dmplotawhloh bnvo o mdtuefnrgor
than a.by a mtIo O/a.=1.17. A similar Interpretation appllm to tbo remalnlng value%

be encountered in nature. Although the five distributions
given in table II are not the only probable pattemw existing
in clouds, these five distributions are used herein to discuss
the theory and procedure of the rotating multicylirhr
method. The methods of analysis applied to them pattorna
can be used for similar study of other droplet-size distribution
patterns. The droplet-size ratios given in table II aro tho
average radius of the droplets in each group to the radius
UO of the volume-median droplet size. (The rtmount of
water in all the droplets of a diameter greater thrtn tlm
volume-median droplet diameter is equal to the amount of
water in all the droplets of smaller diameter.) The ditlwont
distribution patterns are labeled with the i?irst five lottera of
the alphabet. A cloud with an A distribution is composed
of droplets which are all uniform in size. In a cloud with a
B distribution, 30 percent of the water is contained in
droplets having the volume-median droplet diameter, 20
percent in droplets with n diameter 0.84 of tho volume-
median droplet diameter, and another 20 percent in droplets
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with a diameter 1.17 times as large as the volume-median
droplet diameter. The rem&ing water is distributed as
follows: 10 percent in droplets with a diameter 0.72 of the
volume-median diameter, 10 percent in droplets 1.32 times
as large, 5 percent in droplets 0.56 as large, and 5 percent in
droplots 1.49 times as large as the volume-median diameter.
A similar interpretation applies to the other distributions
listed in table II.

OVER-ALL WEXGHTED COLLECTION ~CIENCY

In a cloud composed of droplets of many difhrent sizes, a
cylinder of a given diameter will collect some droplets of
every size; however, the collection efficiency with the smsler
droplets will be less than with the larger droplets. For any
assumed droplet-size distribution in the cloud, such as dis-
tribution B in table II, an over-all weighted collection
efficiency for a cylinder can be calculated from the results
of figure 4 by adding together the weighted collection
efficiencies that me appropriate to each droplet-size group
in tho B distribution. For example, 30 percent of the water
in all droplets in the cloud is assumed to be processed by the
cylinder at the collection efficiency pertaining to the volume-
median droplet; 20 percent of the water in all the droplets in
the cloud is assumed to be procwsed by the cylinder at the
lower collection efficiency that applies to droplets with diam-
otera 0.S4 as large as the volume-median droplet diam-
otm, and so forth. The over-all weighted collection effi-
ciency for each cylinder in the set of cylinders exposed from
the airplane can be calculated for the assumed distribution.
A diilemnt curve of over-all weighted collection efficiency
17was a function of cylinder diameter will exist for each
assumed droplet-size distribution.

COMPARISON CIJBVE3

Tho droplet-size distribution prevailing in a cloud at the
time of measurement can be found by comparing the shape
of Qcurve of cylinder radius as a function of the measured
ico accumulated in flight on each cylinder per unit space
swept out by the cylinder with the shape of the calculated
curves of cylinder radius as a function of over-all weighted
collection eiiiciency. (Sets of calculated curves for compari-
son me shown in fig. 12 for droplet%ze distributions A to E
of table II. The detailed method of calculating these curves,
which diflers slightly from that presented in ref. 3, ie dis-
cussed in appendix D.) The correspondence that hss been
shown to exist between calculated values of the collection
eficiency and the.ice collected in the case of uniform droplets
(eq. (16)), as well as the relation between K and L (eq. (3)),
applies also for nonuniform droplet-size distributions when E’
and K are replaced by Ea and K.. (KOis obtained by sub-
stituting ao for a in eq. (3).) Thus, the relation between
calculated values of Eo and l/Ko, when Kop is constant,
corresponds to the relation between measured amounts of ice
collected per unit space swept out by the cylinder and cylin-
der radius. In order to cover the more probable conditions
of airplane speed, air viscosity and density, and volume-
mdian droplet size, five values of K.P ranging from O to
10,000 were chosen for calculation of comparison curves and
are presented in figure 12. Values of Eo are also presented
in table Ill for the five selected values of KoqY(O, 200, 1000,
3000, rmd 10,000) that are herein called standard valuw.
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l?mamm 12.—Over-all weighted collection effloienoy
as funotion of reoiprooal of inertia parameter for
volume-median droplet size for five cloud droplet-
size distributions.
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TABLE I.U.-CALCULATED VALUES OF CYLINDER
COLLECTION EFFICIENCY FOR STANDARD VALUES OF KW

DETERMINATION OF DROPLET SIZE, LIQUID-WATER
CONTENT, AND NOMINAL DROPLET-SIZE DISTRIBUTION

The fact that the mass of ice per unit space swept out by
the cylinder is proportional to Eu is expressed by an equa-
tion obtained from the identity Eu= WEJW and equation
(16). The equation is written in logarithmic form in order
to make the proportionality constant appear as an mdditive
term:

log Ea =dog wEa–log W=log &–log w (18)

Similarly, since LK.’i the same for all values of L during a
given exposure of the cylinder set, as shown by equation (3),
a proportionality between l/K. and L is conveniently
expressed by the identity

log I/K. -log L–log LK. (If))

The additive terms log w and log LKO in equations (18) and
(19), respectively, permit the translation of the axes of a
curve of log E. as a function of log I/K. with respect to the
ueg of another curve of log wE. as a function of log L, so

that the two curves coincide if the physical conditions for
which the two curves were obtained are the some.

The flight data are plotted in terms of the coordinates
log wEU~ Qfmction of log L as shown in figure 13, and the
calculated data of table ~ are plotted in terms of log flu
and log l/K.. The comparison of experimental points and
calculated curves is valid if Kop is approximately the same
for both and if the assumed droplet-size distribution appli-
cable to the calculated curve is similar to the actual droplot-
size distribution in the cloud. The translation of axes is
illustrated in figure 14, in which the data points, which are
obtained horn actual flight measurements, me plotted in
terms of log wE. and log L with respect to the axea shown
by the dashed lines. The theoretical curve of log Eti as
a function of log l/KO, which rLppliesto droplet-size dis-
tribution E when K0P=3000 (table III), is plotted with
respect to the sxes shown by the solid lines. The vertical
axes of the two sets of coordinates are sepamted by an inter-
val equal to log .LIG, and the horizontal axes are sepmutecl
by an interval equal to log w. When the plotted points am
correctly matched with the calculated curve, the separation
of the mm provides values of log LKO and log w that are
used to calculate the volume-median droplet radius (eq. (3))
and the liquid-water content.

Because the shape of the calculated curves of log Eti as a
function of log l/Ko depends upon the assumed droplet-size
distribution, curves based on the various assumed distribu-
tions listed in table H are matched against the experimental
plot of log wE. MI a function of log L, ~d the curve which
most closely fits the data points is used in tho determination
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FIGURE13.—IIlustration of plotted fright data to ha used in
comparison.

of liquid-wwtor content and droplet diameter. The assumed
droplot-size distribution corresponding to this chosen curve
is taken as an approximate representation of the degree of
homogeneity of the actual cloud-droplet distribution. If
the actual droplet-size distribution in a cloud is not of the
some general form as the assumed distributions (e. g., if the
distribution is bimodal), the value of droplet diameter
obtained by using the procedure described herein is not
necessarily the volume-median diameter. l?or this reason,
some investigators prefer to use the term ‘(mean effective
diameter” when referring to the results of multicylinder
merumrements of droplet size.

In order to fuliill the requirement that approximately the
same value of KOPmust apply to both the experimental and
calculated data, a procedure of successive approximations is
necessary. As described in the calculation procedures of
section IV, an estimated standard value of K.P is used to
determine an approximate value of LKo that is used to cal-
culate a corrected value of Kop. The standard value of K.P
that is nearest to this calculated value is themused in the final
detmnination of w and aO. This procedure is practicable
becrmse large errors in estimating Kow cause only small
changes in LKO. Since curves are available for only a few
standard values of K.P, the value of K.P for the flight data
is generalIy not the same se for the calculated curve. This
diiiiculty is not serious, because the curves of log E. as a
function of log I/K. for successive standard values of K.P
are nmrly identical except for slight displacement in the
direction of the axis of log l/Ko. Since thisdisplacement is
a known function of K.P, the value of droplet radius maybe
corrected by the use of a correction factor that depends on
the corrected value of K.P and the standard value applicable
to the curve used in determining a.. This correction factor
is also discussed in section IV.
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IV. APPARATUS AND PROCEDURE FOR MEASURING
LIQUID-WATER CONTENT AND DROPLET SIZES

IN SUPERCOOLED CLOUDS BY ROTATING
MULTICYLINDER METHOD

The basic steps involved in the application of the muki-
cylinder method are essentially as follows:

(1) Exposing set of cylinders of different sizes in super-
cooled cloud for measured time at lmown pressure
altitude, true airspeed, and ambient temperature

(2) Disassembling and storing ice-covered cylinders in
separate water-proof containers

(3) Weighing individual cylinders plus containers in both
wet and dry conditions to obtain net weight of collected
ice

(4) Det wmining liquid-water content, droplet size, and
droplet-size distribution by comparing measured weight
of ice collected on each cylinder with theoretical com-
putations for comparable cylinders and comparable
flight and atmospheric conditions

These basic steps are discussed in detail in this section.

APPARATUS

The follow@ pieces of equipment
mnlticylinder data during flight:

are used for taking

(a)

(b)
(c)

(d)

Cylinder sets

Shafts and transition segments.

Plastic bags (large and small) with rubber bands for
sealing
Camying case for cylinder sets, shafts, and transition
segments
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r“-Set of transition segments -., ,--Shaft r-sets of Cyl”ders

1’I

la m:,,
Assembled set of cyilndersCor~”ng me

-.— ——1

1’r L* .

1.

blg -Plastic

- Balance

I/

. .
.

Sto.ragg cose. ~.m . ._ . ‘k... —-—-. . Bolame .cose —

~Gmm 15.—fifulticylinder kit.

and disassembly of iced cylinders I eters of %, ~, lti, 3, and 4X inches. The set is arranged
flamzesattached to the ends of the cylinder elements in ordw

(e) Cold box for storage with
(f) Box with compartments (not refrigerated) for storing

cylinders in sealed bags after disassembly
(g) Rotating drive unit and mast mounted on sliding plat-

form supported by guide rails
(h) Stop watch
(i) Free-air temperature indicator, altimeter, and airspeed

indicator
Auxiliary items necessary for use on the ground after the
flight are:

(j) Set of balanws (accuracy, +0.01 g)
(k) Drying rack for plastic bags

The esential components of this equipment, including a set
of balances, an assembled multicylinder unit, and a carrying
case for cylinder sets, are shown in iigure 15. The details of
an assembled set of cylinders are shown in figure 16. The
standard set includes five 2-inch-long cylindem with diam-

to e~tablish precisely the length of the ice samples and to
provide for ease in disassembly after exposure to an icing
cloud. The transition pieces are designed for minimum dis-
tortion of the air-flow field from the required two-dimensional
flow pattern around the cylinders.

An assembled set of cylinders is shown in figure 17 ex-
tended through the top of the airplane fuselage, A sliding
platfomn, which does not extend through the fusehge, sup-
ports the cylinder assembly on a 2-foot mast in such a manner
that the entire assembly can be moved to a position in which
the mast will be extended into the ambient air stream a
sufficient distance to be reasonably free from aerodynamic
effects introduced by the fuselage. The alteration of the
concentration of cloud droplets in the immediate vicinity of
an aircraft moving through a cloud is discussed in reference
8. A qualitative knowledge of the spatial variation of local
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FIGURE16.—Details of assembled sat of cylinders. (Dimensions in inohes.)

droplet concentration about the aircraft can be obtained by
extending rode from the fuselage during an icing encounter.
The details of construction of the sliding platform, the guide
rails, and the supporting structure vary depending on the
locdion of the apparatus and the type of airplane. A drive
unit, which is also mounted on the sliding platform, rotates
the supporting mast and mnlticylinder assembly at a speed
of about 80 rpm (speed not critical i-20 rpm).

The wooden cold box used for disassemblingis large enough
to hold one or more assembled sets of multicylinders, so that,
if the cylinders cannot be disassembledimmediately following
an esposure, the cold box can be used for storage for short
times. Disassembly of the cylinders is facilitated when the
cylindem are in the vertical position; therefore, the box is so
constructed that one side and the top can be opened. The
other three sides of the box are surrounded with dry ice.
Sockets are provided in the bottom of the box for insertion
of the driving shaft, which acts as a support for the cylinders.

The ambient air temperature may be measured by any
convenient type of thermometer, but the temperature ele-
ment must be shielded from direct water impingement in
order to prevent heat-of-fusion effects. The tipeed used
in the calculations is the speed of the air with respect to
tho airplrmeat the point in the field of flow about the fuselage
at which the cylinders are to be exposed. The relation be-
tween the true airspeed of the airplane, obtained with the

413072—57—12

Note:
All radll to be 0.01 approx. mdlus

unless otherwise specified
Mmhlne flnkh all wer

airspeed indicator that is part of the original equipment on
the airplane, and the required local airspeed may be deter-
mined experimentally for any particular installationby means
of a static-prewure survey. If an appreciable variation
(approx. 2 percent) of local airspeed exists along a line with
the same length and direction as the cylinder assembly,
another exposure location on the airplane must be selected.
Effects caused by propellers and protruding objects can be
evaluated with a static-pressure survey.

FIwrm 17.—Rotating multicylinder set extended through top of
airplane fuselage.
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PROOEDURE

OPERATION

The following procedure and precautions are taken to
ensure suilicient and reliable data:

(1) Three sets of cylinders are assembled before flight or
before entry into suspected icing conditions.

(2) All unmounted cylindem me in the carrying rack
within convenient reach of the operators.

(3) Plastic baga are marked according to run number
before take-off.

(4) When test conditions are established, a set of cylinders
is exposed to the air stream for a period of 1 to 5 minutes,
depending upon the rate of ice formation. The ice thickness
should always be less than the width of the flanges on the
%-inchdiameter cylinder. The period of exposure is meas-
ured to the nearest second and recorded. h order to mini-
mize the errors associated with large percentage changes in
cylinder radius, the exposure period is just long enough to
obtain ice samples that can be weighed to an accuracy of
2 percent. The airspeed is held as nearly constant as pos-
sible during exposure.

(1)
(2)
(3)
(4)
(5)
(6)

[3
(9)

WORK SHEET I WITH SAMPLE

Average indioated airspee~ mph---------------------------------

(5) The time involved in extending or retracting the
cylinders is kept as short as possible in order to minimize the
difference in exposure time between the large and the smmll
cylinder.

(6) The complete assembly is placed in the cold box during
the disassembling period.

(7) In the disassembling procedure, the ice is carefully
scraped off the thin flangea at the ends of the cylimb in
order to ensure that only ice collected on the cylinders is
weighed. II a small amount of ice is lost from o oylimler,
the percentage of loss is estimated and recorded. (A pair of
pliers is necessary occasionally in order to loosen somo of
the transition segments frozen on the cylinders or shofts.
Drying each part with a cloth before reassembling will Imlp
to prevent adherence between the parts after exposure.)

(8) The plastic bags in which the ice-coated cylinders am
placed are sealed with rubber bands and deflated to prevent
bursting with increase in altitude.

(9) The ice-coated cylindem are arranged in systematic
order in the storage box. The sealed bags are handled
carefully to prevent breakage of bags and possible damago
to the cylinders.

)ATA FROM AN OBSERVATION

------------------------------------------------------- - 171
Average true airspe+ r, mph-----------------------------------------------------------------------------------------
Average local aimpeed, V, mph-----------------------------------------------------------------------------------------
Presaure altitude, Zn fi------------------------------------------------------------------------------------------------
Uncorrected air temperature,0c----------------------------------------------------------------------------------------
Wet-air temperature correction, 0C--------------------------------------------------------------------------------------
Corrected temperature, T, 0C-------------------------------------------------------------------------------------------
Esposurewtio~ t, ~U-------------------------------------------------------------------------------------------------
p/DV, b/(de)~m.) ---------------------------------------------------------------------------------------------------

186

101
7000

–10. 1
–2. 1

–12! 2
210
& 7

I Cylinder diameter, D, in.

—

(10) Grossweight, g---------------------------------------------------- 7.44
(11) Tare weigh$ g----------------------------------------------------- 6.34
(12) Net weight of i% g------------------------------------------------- 1.10
(13) ~motednet wtight, m*, g----------------------------------------- 1.10
(14) D{COh------------------------------------------------------------ .191
(15) w*Ea, ~oum ----------------------------------------------------- .242

23.56 59. 6s
20.94 55.16
2.62 4.52
262 4.52
.554 L 291
.199 .147

(16) KOp(n~t stmH)------------------------------------------------------ 3000
(17) DKO, b-------------------------------------------------------------------- 3.86
(18) K.P(comct4)------------------------------------------------------------- 4940
(19) Droplet diarn. (mcomoted), tiomm ------------------------------------------ ----------
(20) Dmpletihe Wlbution ----------------------------------------------------- E
(21) w*, ~oum ----------------------------------------------------------------- 0.30

T
3 4%

141.83 190.47
135.61 183.41

6.22 7.00
6.22 7.00
3.024 4.518
.086 .060

b
Second ap- Final ‘kluceproximation

3000
----------
----------
----------
----------
----------

----------
3. 8t3
4940
13.3

E
0.30

(22) DmpleWmeti mmotionfaotir --------------------------------------------------------------------------------------- 1.033
~23j hfw-neffeotive tipkt_ter, ~tiomm ------------------------------------------------------------------------------ 13.7



IMPINGEMENT OF CLOUD DROPLETS ON A CYLINDER AND ROTATING MIYLTICYLJNDER M33THOD 161

(10) Pressure altitude, free-air temperature, sad indicated
airspeed, averaged over the exposure period, are recorded
during exposure. The airspeed is determined as accurately
as practicable; approximate values of pressure altitude and
temperature me satisfactory.

(11) After the flight, each cylinder and its plastic bag
are weighed together to the nearest 0.01 gram. Mar the
initial weighing, drying of the bags is expedited by turning
thorninside out. Care should be exercised in making certain
that each cylinder is weighed dry with the same rubber
brmd and bag used in the initial weighing.

CALCULATION

Computed values of collection efficiency presented in
section III, ice-collection data obtained with the rotating
cylinders, and flight, data expressed in terms of working
parameters are used to detemninecloud liquid-water content
and droplet size. The working parameters are q/DV, which
involvw the factors of pressure altitude and air temperature,
and w~a, which is the amount of ice collected per unit space
swept out by the cylindem.

It is convenient to record the flight data and the computa-
tion steps in a systematic form, such as the work sheet
shown herein. In the detailed calculation procedure that
follows, reference is made to the various numbered items
listed in work sheet I. Equations (1) to (19) are true
with any consistent system of units, such as feet, slugs, and
seconds. For practical reasons, certain departures from
consistent units are desirable for routine use. Thus, in the
detailed STEPWISECALCULATION PBOCEDUEEdescribed in the
next section, a (droplet radius in ft) is replaced by d (droplet
diameter in microns); U (ft/see) by V (mph); w (slugs/cu ft)
by w* (g/cu m); L (cylinder radius in ft) by D (cylinder
diameter in inches); and m (slugs) by m“ (grams). Certain
numerical conversion factors appear in the calculations
because of these changes of units. Also, for routine calcul~
tions it is convenient to use logarithmic graph paper for the
curve-matching procedure, thus making it unnecessary to
use numerical values of the logarithms.

Before proceeding with the calculations, the ilight data
am recorded as items (1), (4), (5), and (8). The w-eight of
ice on each cylinder is entered as item (12). Corrections for
any loss of ice are made, and the corrected weights are entered
as item (13).

STEPWISE CALCULATING PROCEDURE

(a). Average 100al airspeed .—The average true airspeed
(item (2)) is obtained by correcting, in the usual manner,
the average indicnted airspeed (item (l)) for air dmsity
effects. The average local airspeed to be entered in item (3)
is the true airspeed corrected (if required) for effects caused
by the fuselage of the airplane. This correction factor is
obtained by the static-pressure survey mentioned in the
SeCtiOnon APPARATUS.

(b) Free-air temperature,-The wet-air temperature cor-
rection (item (6)) is obtained from the relation (ref. 24)

where I’ is the average true airspeed (item (2)). Although
the recovery factor is influenced to a slight extent by several
factom, including shape, thermal conductivity, and location
of the temperature probe, a value of 0.85 for u is suggested
unless a calibration of the installation is available. The
lapse-rate ratio ~,/~~ is given in fi=we 18 as a fnnction of
the pressure altitude and temperature (items (4) and (5)).
When the corrected temperature (item (7)) is used, small
inaccuracies in the temperature (+2° C) do not appreciably
affect the iimd re9ults.

(c) Parameter p/DV.—The parameter p/DV is a con-

venient mems of introducing the effects of altitude and
temperature into the calculations required for the deter-
mination of droplet size and droplet-size distribution. The
value of p/DV (item (9)) is obtained from figure 19, in which
the corrected temperature (item (7)) is used.

Pressure attitude,+ ft

FIGUEE18.—Ratio of saturated-to dry-adiabatio lapse rate as
tion of temperature and p~ altitude.

func-
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Pressure oltitude, ~, ft

I?mum 19.—Parameter p/DV as funution of temperature and

preswxm altitude.
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..
“-Cylinder dimkk, L7~e, in “-

FIGURE20.-Sample plot of volume
impingement rate w*E. ae function of

cylinder diameter.

(d) Average oylinder diameter,-The values of D.,
(item (14)) are calculated with the equation

‘,-=i(”+$m

This equation defines D- as the average between the initial
and final diameteraof the iced cylinder.2 The recommended
average value of the ice density p iu is 1.65 slugs per cubic
foot; and, for the apparatus described herein, 1*=2 inches.
Hence, the equation becomes

Di,,=~ (D+$0.0457m*+D2)

(e) Amount of ice per unit space.—The mass of ice
collected per unit space swept out by the cylinder is deter-
mined by the following equation:

~*

*EU=3467D,JW

For the cylinders shown in figure 16, the length of the
cylinders 1*is 2 inches, and the equation becomes

Values of w*EOfor each cylinder are entered as item (15).
(f) Plotting.-A plot of w*Eti as a function of D,., is

constructed on logarithmic graph paper. A sample plot
is shown in fiawe 20. The plotted points are not comected,
because the next step involves matching the plotted points
to a curve.

(g) Mate@ procedure.-The liquid-water content, drop-
let size, and droplet-size distribution in the cloud are found
by comparing the measured values of w*-% plotted w ~di-

cat ed in step (f), with calculated values for the cylinders in
the same fight and atmospheric conditions. For matching
with the flight data, sets of curves are required that represent
the relation between the reciprocal of the inertia parameter
l/Ko and the over-all weighted collection efficiency Eu for

~Exp@mceon Mk TVmhfng’tonk shownUmtmoremlfebkoresrdtsfor theaverage
dhmekrD{.. may b obtid fmm - nmmmment of tho dne.1 end InftIel Menreters
(ref. 26);however, thh Prmedum fsnsne.llynot praetkable in @k Morenwr, Uredermlty
of kmwllectcd fn @t Lslrfgherend more uniform then thet of b%dlmted on ML IVeshlrrg-
ton bemow of the Mgbar elmpeodin fflght.

Reciprwal of irwlio pcmmeter
for volume-medion drqiefSJZRl\KO

FIGmm 21.—Curvee from data of table III showing
relative over-all weighted colIeotioneffioienoym funo-
tion of reciprocal of inertia parameter for Kw= 3000
for dropletiize distribution deilned in table II.

the five assumed droplet-size distributions for each of tho
five standard (arbitrarily selected) values of li% (O, 200,
1000, 3000, and 10,000). These curves (fig. 12) are prepared
by plotting the data of table III on logarithmic graph paper
of the same scale as that used for plotting the measured data
(step (f)). In order that the values maybe plo~ted as five
curves for one value of KAOon a single sheet of 2- by 3-cych3
logarithmic graph paper without overlapping, values of E.
for distributions A, B, C, D, and E (defined in table II) am
multiplied by the constant factora 0.6, 0.7, 0.8, 0.9, and 1.0,
respectively. The revised values of E. are given in tablo III,
and a sample plot is shown in figure 21. Use of the curves is
facilitated if the location of the line for which l/K,= 1 and
each of the lines for which E.= 1 (corresponding to tho fivo
size distributions) are clearly marked. Figures 12, 20, find
21 are reprinted on page 43 for convenience in matching,

Matching the measured data with the TheoreticalcalcuhL-
tions usually requires several steps of succewivo approxima-
tions in order to satisfy several restrictive conditions simul-
taneously. The principle underl~g the stepwise procodum
is discussed in section III. The stepwise procoduro for
matching the curves is as follows:

(1) A preliminary estimate of a value of KW from tho
standard values of KAO given in table III is used for i~om
(16)a on the work sheet. A value of 3000 is suggested unless
experience dictates that other values are closer approximat-
ions. Au incorrect preliminary estimate will not load to an
incorrect final result but will perhaps require extra succwsivo
approximations.

(2) The set of theoretical curves of E. as a function of
l/K. applicable to the selected standard value of KAO (item
(16)a) is compared with the experimental plot prepared in
step (f). The experimental plot is placed over the theoretical
curves and viewed by transmitted light. The sheet con-
taining the experimental points is moved about, with the
two sets of axes kept parallel, until the position of best fit
is obtained. The various curves for diiferent droplet-sizo
distributions are tried, and the one that most closely fits
the experimental points is selected. The letter designating
the curve of best fit is recorded as the droplet-size distribu-
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tion (item (20) a). While the two plots are held in position
of best fit, the value.of D fmthat falls upon the line for which
I/KO= 1 and the value of w*EU that falls along the line for
which E.= 1 are recorded as DKO (item (17)a) and w*
(item (21)rL), respectively.

(3) A corrected value of KOP (item (18)a) is obtained by
muhiplying DKO (item (17)a) times q/DV (item (9)) times V
(item (3)). The standard value of K.W corresponding to
item (18)a is selected from the following table and entered as
item (16)b:

rIb3ngoofewnatd
orcnlmlntcd KW

mto 440
#l ta ~7&l

1.751 to &m
6,mltom,011

100
90

80

70

60

50

40

30

20

10
9

8

7

6

5

4

3

2

I

Corrwponding
Btan&mlVahlo

of ILp

163

If item (16)b is the same as item (16)a, items (17)rLand (21)rL
are used in step (h). If item (16)b is different from item
(16)a, the procedure of paragraph (2) of step (g) is repeated
in the second approximation, and the curves applicable to
the new standard value of K.P (item (16)b) are used.

(h) Droplet diameter and liquid-water content,—The end
results of step (g) are values of w* (item (21)), DK. (item
(17)), droplet-size distribution (item (20)), and Koq (item
(18)), all of which were obtained with the curves based on
the standard value of KOP that corresponds to the actual
value of KOV. These results are used to determine the droplet
diameter and the liquid-water content as follows:

(1) The uncorrected droplet diameter (item (19)c) is ob-
tained from figure 22 by using items (17), (3), and (7).

(2) The droplet-diameter correction factor (item (22)),
obtained from figure 23 by using items (1S) and (16), is
multiplied by item (19)c to obtain the final value of droplet
diameter d (item (23)). The droplet diameter obtained by

I?IQURD 22 .—Diagram for determining droplet diameter from DKq free-air temperature, and local airspeed. [Enter diagram with DKO on

ordinato, follow horizontalline to diagonalline representingtemperature,follow vertical line to diagonalline representingairspeed,and follow
horizontal line to value of droplet diameteron ordinate. Example: DKO=3.86 im, T= – 12.2° C, and V= 191 mph; then d= 13.3 rnicronsd
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this procedure is often referred to as the “mesm effective
droplet diameter.” The dnshed lines of figure 23 correspond
to the values of the limits in the range of @imated or calcu-
lated KOPgiven in the table in step (g).

(3) The liquid-water content in grams per cubic meter is
obtained directly fiwm item (21).

An alternate method for processing the data in steps (e) to
(h) is presented in appendix E. The plotting and matching
procadure of steps (f) and (g) are replaced by another
graphical procedure that obviates making a series of ELp-
proxirnations to the value of Kp.

V. EVALUATION OF ROTATING MULTICYLINDER
METHOD

Errora in obtaining the flight data contribute to errors in
the detcmnination of liquid-water content and droplet sizes.
Some of these errors rwult from errors in measuring flight
speed, exposure time, and air temperature; from di.flerences
between the exposure time of the large cylinder and the
small cylinder due to the time required to extend and retract
the set; from losses in the accumulated ice while disassem-
bling the cylinders before weighing; and from errors in

weighing. bother error influencing the accuracy of the
results is that expected in the calculation of the ovor-cdl
weighted collection efficiency plotted in figure 12, which
ranges from 1 to 2 percent (appendix D). Ex-pwienco in
obtaining flight data has shown that the aggregato error in
W*EUfrom all these sources can be kept below +10 porccmt
but is seldom less than +5 percent.

The rotating multicylinder method also hns several in-
herent undesirable characteristics that do not permit ac-
curate results. Among these are the failure of droplets to
freeze on the cylinders under certain conditions, the f~ct
that the method does not mensure the actunl droplet-sizo
distribution in the cloud but rather how olosely the cloud
corresponds to an nsaumed dropletaize distribution, and the
insensitivity of the method in discriminating among difleront
&ople&size distributions. These three undesirable charactor-
istica are discussed in this section.

EEAT-BALANCE AND MASS-TRANSFER FACTORS IN FLIGHT
MEASUREMENTS

One of the bssic assumptions underlying tho uso of the
multicylinder method is that all the droplets striking the
cylinder freeze completely thereon. Investigators conccm?od
with icing-cloud measurements have long been aware of tho
fact that this assumption is not fulfilled at temperatures
only sli~tly below freezing (ref. 26). Under them conditions
a considerable fraction of the impinging water may run off
in the liquid state, making the results unreliable and dillicult
to interpret in terms of liquid-water content and droplot
diameter. For this reason, flight measurements at tempor-
aturea above 26a F have usually not been attempted.

A quantitative analysis of the heat balance of a rotating
cylinder in icing conditions is presented in reference 17. The
results of this analysis indicate that the phenomenon of
run-off imposes serious limitations on the range of liquid-
water content that can be mensured reliably by moans of
ice-collecting instruments, especially in the upper portion of
the iciug-temperature range. A later analysis in referenco 1S,
which includes the effect of kinetic heating, indicates a
further reduction in the range of reliable measurement at
high airspeeds.

By means of the methods of calculation described in refer-
ences 17 and 18, it is possible to determine the ‘(critical”
rate of ice formation such that the heat of fusion is just
sutlicient to bring the cylinder surface temperatum to the
melting point. If the rate of water impingement e..ceecls the
critical rate of ice formation by more than the rate of evapo-
ration, only a small fraction of the additional water freezes,
the excess leaving the surface as run-off. The maximum
observed rates of ice formation would therefore be espectocl
to be at most only slightly greater than the calculated critical
values. Moreover, because of the horizontal variations in
liquid-water content in natural clouds, it can be shown (see
appendix 1?) that the average rate of ice formation as meas-
ured by the multicylinder method is very unlikely to exceed
the calculated critical value.

Comparison of the results of calculations following the
method of reference 18 with multicyhder dato obtained in
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fight showed that the mmimum measured rates of ice for-
m~tion for individual cylindem exceeded the corresponding
calculated critical valu~ by as much as 50 to 70 percent.
The explanation of this discrepancy is to be found in the fact
that the calculations of reference 18 were based on values of
the heat-transfer coefficient for smooth cylinders, whereas
the actual surface of a cylinder reposed to heavy icing is
rough and irregular. The increased heat transfer due to
surface roughness causes an increase in the rate of removal of
latent heat of fusion and thus accounts for the increased rate
of ice accretion.

In order to define the reliable operating range of the
multicylinders, critical rates of ice accretion were calculated
for various flight conditions with the use of heat-transfer
coefficients applicable to rough cylinders. An incidental
result of the heat-balance calculations -was the determination
of evaporation rates, which provided a means of correcting
muhicylinder data for evaporation.

CRrrICALBAT= ow mEmG m BvMo14Am0N

Since ice-collecting cylinders are used primarily for the
measurement of liquid-water content, it is convenient to ex-
press both the rate of ice accretion and the rate of evapora-
tion in terms of liquid-water content in the air stream in
which the cylinders are exposed. If a cylinder of unit
length and radius L is exposed in a stream of air having a
velocity U and liquid-water content w, the total rate of water
impingement is given by

W.=2E&Uw

The water impingement rate W. is composed of three
parts; the freezing rate Wf, the evaporation rate W,, and the
run-off rato W,, as follows:

w.= W,+wd+w, (20)

Similarly, the liquid-water content of the air streammaybe
regarded as being made up of three “partial” liquid-water
contents Wf, we, and Wr, defined by the following equations:

W,=2LUlwJEu

We=2LUWeEa1 (21)

W,=2WWE.

The quantities wfE~, w~Eti,and wJL me Cded the “vol-

ume freezing rate,“ ‘(volume evaporation rate,” and “volume
run-off rate)” respectively. Each represents the amount of
liquid water involved in a particular process per unit volume
of air in the path of the cylinder (liquid water per unit space
swept out by the cylinder). Their sum, the “volume im-
pingement rate,“ is the product of the total liquid-water
content and the over-all collection ef6ciency.

Tlm critical volume freezing rate (wJZJ., and the critical
volume evaporation rate (u@J., me the VSJUSSof w3E0~d
w,EUthat occur at the critical condition defied by

wrE~=O and T8=00 C (22)

Vah.m of (wr*EJ,, and (w,*EJ,, were calculated by a
method essentially similar to that used in referents 18,
except that the cylinder surface was assumed to be rough
instead of smooth and the local increase in airspeed due to
the presence of the airplane was taken into account. The
RIM@is, method of calculation, and assumptions necessary
for solution of the problem are given in appendix l?. Calcu-
lated values of the critical volume freezing rate and critical
volume evaporation rate are presented in table IV for

TABLE IV.—CRITICAJJ VALUES OF w~& AND w,*E.
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various flight conditions for a cylinder 0.16 inch in diameter.
This value was chosen because it is a representative average
value of the outside diameter of the ice coating on a %-inch
cylindar during a typical exposure in icing conditions. The
equations derived in appendix 1? for rough cylinders show
that both (wa*EJ,, and (w,*-%) c, are proportional to the
—0.253 power of the cylinder diameter. Values of (w,*EJC,
and (wf*lZJ., applicable to a cylinder of diameter D inches
may therefore be found by multiplying the values in table
IV by a factor (7, given by

(–)~= 0.16 ‘m
D (23)

RELATION OF VOLUME EATE9 OF FREEZING, EVAPORATION, AND RUN-OFF

Vaxious relations mist betieen wE., w,E~, wfE~, and
W,Eel depending upon wlw~her wE. is less than, equal to,
or greater than the critical value. The following is a sum-
mary of such relations, derived in appendix F. In all three
cases, it is prcaumed that ice is forming on the cylinder
(’W,E.>0) .
Case I. Subcritical conditions:

wE.< (wEu)a (24)

2’.<0° c . (25)

wE-= w6E.+ wfEu (26)

w,Ea= O . (27)
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Case IL Critical conditions:

wE.= (wEo)O,= (wEJt~+ (WJEJC,

2’.=0° c

w,Eu= (W,EJC,=O

Case III. Supercritical conditions:

wE.> (wE.).r

T.=o” C

WJZ.= (WJL) .,

wrEu= (w/E.).,+k[wE.— (wEJ.,]

w,Eu= (1 —X)[WE.— (wE.).,]

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

CORRECTION OF MULTICYIJNDER MEASUREh~TS FOR EVAPORA’ITON
(suBcRrrrcu C.ME)

In the use of rotating cylindem for icing-cloud measure-
ments, the volume freezing rate w,EUis the quanti~ actually
measured; whereas, the volume impingement rate wE. is
required for use in the determination of liquid-water content
and droplet size. Whenever w~Eti<(w~EJ., throughout
the esposure intervrd (case I), equation (26) applies, and
wE. can be determined from multicylinder measurements
if wcE~ is a known function of wJEti. In order to establish
the relation between wJL and wfEti for the subcritical case,
values of both quantities were calculated for a O.16-inch-
diameter cylinder by the method described in appendix F
for various values of T. between T, and 0° C. It was found
that wo*Eti could be represented approximately by an
equation of the form

Values of the parameters k and b for various flight conditions
are given in table V. This approximate equation yields
values of w,*EW that agree with the individwd calculated
values to within +0.01 gram per cubic meter for all flight
conditions included in table V.

The analysis in appendix 1? shows that in the subcritical
case the ratio of wJL to wJE~ is independent of cylinder
diameter as long as the cylinder surface temperature is
Constmt. A secondary effect exists, however, because the
surface temperature varies slightly with cylinder diameter.
This effect is of minor importance for two reasons: (1) The
ratio wcEJwfE~ is relatively insensitive to difhrences in
surface temperature except at low rates of ice formation;
and (2) the variation of the heat-transfer coefficient with
cylinder diameter is roughly similar to the corresponding
variation of collection efficiency, and hence the variation of
surface temperature with cylinder diameter is small. In
the analysis of multicylinder icing data, it may be assumed,

TABLE V.—MULTICYLINDER EVAPORA!HON CORREC-
TIONS. VALUES OF CONSTANTS k AND lJIN EQUATION (37)

Ill Tem$m’atnre, “O I

Km 0 0
10,m o
!2qOm o

m

WJ

I

o
10, m

al, om

o
10,am
m,wm

o.m
.W3
.Co3

a 015
.015
.016

IlzEtzEDIl
a CL51 *-O. ml 0.040
.0$2 –. W? .061
.075 –. m .M3

— — —

o.Ml o.(m o.O-fs
.071 .m .055
.m .W3 .097

— — —

o.13) 0.W9 o.05s
. Ho .m .O?a
.105 .m .07s

b+. C@ o.~

+

.-O.CO!IO.oza
-.w .042 -.@Xl .U?J
–. w .051 -.lml .013

— —

o.ml o.ais -0. ml O.om
.ml .044 -ml .an
.ml .0s5 –.W1 .040

—- — —

am 0.043 O.m am
.m .051 .Mt3 .042
.Wo .06a .W3 .051

● ZercIlstob usedfor w: wherwer the formula SIVCSnwtivo vnluca

therefore, that the ratio of wzti to WIEUis the mmo for each
cylinder. Thus, the values of W1*EUdetermined from the
weight of ice on each cylinder can be used as described in
section IV to find wf*; and this result can be corrected for
evaporation by meana of the approximate equation

w*=k+(l+b)wJ* (39)

where k and 6 have the values given in table V, Values of
droplet diameter calculated from observed values of wf*&
do not require correction for evaporation, because the rela-
tive effect of evaporation is approximately the same for nll
cylinders.

INTERPRETATION OF MULTICYLINDER DATA WITH OCCURRENCE OF
RUN-OFF

In the method described in section IV for dotorxnining
liquid-water content and droplet size from multicylinder
data, points representing the individual cylindws on n loga-
rithmic plot of average volume ice-formation rato as a func-
tion of average cylinder diameter are fitted to an impinge-
ment curve representing the calculated relation botwcen 17ti
and l/KO. On this same plot a line maybe drawn to repre-
sent critical conditions as calculated for the observed tem-
perature, airspeed, and altitude. This “criticrtl line” has
a constant slope of —0.253, as shown by equation (23). I?or
observations in a continuous, uniform cloud, points repre-
senting cylinders at the critical condition lie along tho critical
line, points representing subcritical conditions lie below tho
critical line and along the impingement curve, and points
representing supercritical conditions (run-off occurring) lio
only slightly above the critical line, because the freezing
fraction x is generally small (see eq. (34)). I?or observations
in discontinuous clouds, points representing critical or super-
critical conditions lie approximately along a line called tho
“run-off line,” which is located parallel to and generally
below the critical line, because the effect on the averago
value of wfEo of the term containing A is nearly always
smaller than the effect of discontinuities (gaps) in the cloud.
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Various relative lomtions of the critical line, run-off line,
and impingement curve are possible, depending upon the
flight conditions and the characteristics of the cloud. The
representative points for each of the cylinders and the loca-
tion of the critical line axe calculated from the flight data.
The run-off line is drawn to fit the data points representing
cylinders apparently affected by run-off, and the impinge-
ment curve is fitted to the remaining points if possible.

Some of the possible configurations are illustrated in figure
24, which was prepared from NACA flight data. b the
case in which no run-off occurs (all cylinders subcritical),
all the representative points lie close to the impingement
curve and below the critical line, m shown in figure 24 (a).
In cases in which run-off occurs from some but not all of the
cylinders, the run-off line intersects the impingement curve
and some of the representative points lie on each curve as
shown in figures 24 (b) and (c). The displacement of the
run-off line below the critical line depends on the degree of
discontinuousness of the cloud; and, since this factor cannot
be evaluated from other flight data, the run-off line is drawn
to fit the data points using the calculated slope of —0.253.
The cloud represented by figure 24 (b) was almost continuous,
as shown by the small displacement between the critical line
and the run-off line; whereas, fieme 24 (c) represents a less
continuous cloud.

In cases such as those shown in figures 24 (b) and (c), in
which less than four points are used to determine the im-
pingement cwye, the droplet-size distribution cannot be de-
termined from the shape of the impingement curve; and the
theoretical curves calculated for the C distribution are used
arbitrarily, because the C distribution is bdieved to approxi-
mate the actual droplekize distribution most likely to occur
in natural clouds. In some cases (e. g., figs. 24 (b) ~d (c)),

the manner of fitting the curves is rather simple and straight-
forward, and the average liquid-water content and droplet
size may be determined m“th reasonable accuracy from tho
position of the impingement curve. In other cases, the
interpretation of the data points is more diflicult and the
results are less reliable. A case in which run-off occurred
from all four cylinders is shown in figure 24 (d). In this
case, obviously, it is impossible to determine either the
liquid-water content or the droplet size.

The use of a straight line of slope –0.253 as the run-off
line implies that the average volume freezing rate for cyl-
inders influenced by run-off is proportional to the critical
volume freezing rat-e. This assumption is not exactly cor-
rect when applied to actual observations in clouds because

(a) No run-off from any oylinder [fight 20 (1/29/47, run 1), ref. 33].
(b) Run-off from two smallest oylinde~ nearly oontinuoue cloud

[fight 10 (4/18/49, run 2), ref. 351.
(o) Run-off from two emallest oylinders, discontinuous oloud

[f@ht 19 (2/9/50, run 2), ref. 35].
(d) Run::~fiom all four cylindere [flight 179 (3/29/48, run 17),

. .
I?mmm M—Examples illustratingeffeot of run-off on multioylinder

data.
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of the influence of two factors: (1) Because of the effect of
horizontal variations in liquid-water content, a cylinder may
experience both subcritical and supercritic.alconditions dur-
ing a single exposure period; (2) under supercritical condi-
tions, the second term in equation (34) varies with cylinder
size in a ditlerent manner horn the tit. The net effect of
these two factors is to increase slightly the slope of the
run-off line and to introduce a slight convex curvature;
however, the straight line with n slope of —0.253 is a close
approximation.

If multicylinder data taken under conditions of partial
run-off are analyzed by the ordinary method without refer-
enco to the possible occurrence of run-off, the results usually
indicate values of liquid-watar content that are too small
and values of mean effective droplet diameter that are too
large. This occurs because, under ordinary flight and cloud
conditions, run-off occurs fit from the smallest cylinders.
I?or very large droplets, on the other hand, run-off occum
first from the largest cylindar and thus would tend to cause
underestimation of the droplet size.

The methods described in the preceding paragraphs make
possible the attainment of satisfactory results in many cases
in which one or two cylindars are allected by run-off. Ob-
servations from which reliable results are unobtainable can
also be recognized and rejected.

DROPLET-SIZE DISTRIBUTION

& mentioned previously, an important disadvsmtage of
the multicylinder method is & failure to measure droplet-
size distribution directly. The droplet-size distribution ob-
tained is not necessarily the actual distribution existing in
the cloud but rather an assumed distribution (table ~.
Although the actual &ople&size distribution in the cloud
may Meet the amount of ice collected on the cylinders in
the manner described by the theoretical computations for
an assumed droplet-size distribution, the area of coverage
on an airfoil or on other nonrotating members in the clouds
may di.fler from the area theoretically computed on the basis
of the wumed distribution indicated by the rotating muki-
cylinder method. The reason for the difhence in area, or
extent of coverage, is that the size of the largest droplets
in the assumed distribution (given as a ratio to the volume-
mediom size) is an arbitrarily assumed value, and the multi-
cylinder method does not provide a means for obtaining
the true value from the cloud data.

If the actual droplet+ize distribution in a cloud is not of
the same general form as the assumed distributions (e. g.,
if the distribution is bimodal), the effect of plotting the

.1
.0s
J%
.04
.03

.02

.0!, 2.3 fls.s I 234680
Cylinder diorneter, D, .-m

FIGURE ZL—Ice accumulation on set of

oylinders. lkcal airspeed, 200 miles

per hour; air vkoei~, 3.436X 10_7

slug per foot-second; pressure altitude,

10,000feet.

flight data (in the form of mass of ice collected as a function
of cylinder size, fig. 20) would be that some of the points
might appear as a scatter in the data caused by errors in
measurement. This apparent scatter would influenco greatly
the valuea obtained for the mean effective droplet sim (equiv-
alent volume-median droplet size), as well as the type of
distribution reported. The possible error in reported final
results when apparent scatter in the flight data is present is
discussed in the following section.

E2WECI’ED ERRORS IN MATCHING FLIGHT DATA

A practical difficulty arises in matching the flight data
with the calctiated curves of figure 12. The dii%culty is
caused by the scattering of the measured data due to errors
in measurements, by the difbrence between the assumed
theoretical distributions on which the curves of figure 12
are based and the conditions actually prevailing in tho
natural cdoud during the time the cylinders are ~x~osed,
and by the errors in the calculation of over-all weighhxl
collection efficiency.

An attempt is made herein to evaluate tho sensitivity
of the multicylinder method when scatter of known magni-
tude is present in the flight data. The hypothetical d~ta
points of figure 25 were chosen to fit precisely the curve for
the B distribution given in figure 12 (e) (volume-median
droplet diameter for the data of fig. 25 was assumed to bo
20 microns). If the data were taken in flight in a cloud in
which the droplet sizes were defined by a B distribution and
the volume-median droplet size were 20 microns, the data
would probably not fit the B distribution of figure 12 (o)
precisely, but each point would deviate by an amount de-
pending on the accrued error related to the care in memmr-
ing. Furthermore, data will appear to have a scatter or
error if the actuaJ droplet-size distribution is not of the samo
general form as any of the assumed distributions. Incom-
plete freezing of droplets may also appear as part of tho
accrued error in the data, particularly if not properly ac-
counted for (see previous section on HEAT-BALANCEANDMASS.
TRANSFER FACTORS IN FLIGHT MEASUREMENTS).

The braces in figure 26 indicate the range of a +6-percent
error, aud the brackets indicate the range of a + 10-porcont
error. The expected erfor in the calculation of over-all

.4

.3

.2

~g i
.04

g i .03
*\ .02
;b

.0I
.008
.006
.004.1 2.3.4 .6.S1 2 34 6810

Cylindef dim-rater, Q in

FIQcnm 26.—Comparieon of fright data
with calculated impingement curves of
figure 12 (e). K~, 10,000. (Braces
indicate range of +5-percent emor;
braoketa indicate range of +10-
percent error.)
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weighted collection efficiency plotted in figure 12 could be
shown graphically in terms of the width of the lines used
to plot the curves of figure 12. When the calculated CUI-VCS
of figure 12 are superposed on the flight data of figure 25
for comparison, the error in calculating over-all collection
efficiency can be added to the error in measuring and both
errors included in the range indicated by the braces (or
brackets) and termed an accrued error. In the analysis of
the flight data, the magnitude of the accrued error will
affect the answers obtained and will determine the sensitivity
of the multicylinder method.

Three sections of different curves taken horn figure 12 (e)
are shown in figure 26 to come within the +5-percent range
of accrued errors. The following is an illustrative example
in the interpretation of the material presented in figure 26:
If measurements were made simultaneously by a large nmn-
ber of careful observers who kept the accrued error within
k6 percent at a true airspeed of 200 miles per hour in a
cloud in which the volume-median droplet size waa actually
20 microns in diameter and the droplet-size distribution was

most nearly defined by the B distribution of table It, the
iinal answers reported by the observers would vary from
17 to 25 microns for the diameter of the volume-median
droplet and from an A to an E distribution.

The type of analysis described with the use ‘of figure 26
ma made to cover a range of true flight speed up to 400 miles
per hour and actual volume-median droplet sizes up to 30
microns in diameter. A set of four cylinders with diameters
of 3, 1%, %, and Minches was assumed for the analysis. The
other secondary variables assumed were an altitude of 10,000
feet and air viscosity of 3.436 X10-7 slug per foot-second.
The errors that can be expected in the final answers of the
volume-median droplet size for the accrued errors of +5
and &10 percent (including the expected error in the calcula-
tions for the theoretical data of @g. 12) are shown in iigures
27 (a) and (b), respectively. The ortiate ~ tie ~r
possible in reporting the actual volume-median droplet size
in a cloud. Upper and lower limits are shown in the figures.
Usually, it is possible to have a larger magnitude of error in
reporting the size too large than in reporting the size too
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small. For example, in a cloud in which the droplet size was
actually 30 microns in diameter and the true airspeed was
200 miles per hour (accrued error= +5 percent, @. 27 (a)),
the answer reported wouId be within the limits of 25 and
40 microns. The lower-limit error is approximately 18
percent, and the upper-limit error is approximately 35
percent.

Doubling the sizes of the cylinders has the same eilect on
error as halving the flight speed. If a set of cylindem of
6-, 2){-, 1-, and %-inch diameter are used at a flight speed of
200 miles per hour, the expected error can be found from the
curves of @e 27 for a flight speed of 100 miles per hour.
The expected error in the final results increases rapidly with
increasing droplet sizes and flight speeds. The value of the
multicybder method in clouds consisting of volume-median
droplet sizes above 30 microns in diameter is questionable,
if the airplane speed cannot be maintained beJow 100 miles
per hour.

The accuracy in the determination of the droplei%ze
distribution is very much subject to individual interpretation
as well as to errors in measurement. The same measured
data resolved by diihrent observers often result in large
differences in the typing of the distributions. If +5-percent
accrued error in measurements is assumed, the insensitivity
of the multicyIinder method does not permit an A distribution
to be distinguished from an E distribution with data taken
at flight speeds above 150 miles per hour. .

Careful determinations of liquid-water content are usually
not in error by more than k 5 pexcent, provided the size of
the smallest cylinder is % inch in diameter or less and the
measuring errors are less than +4 percent (including errors
due to incomplete freezing). The errorin determining liquid-
water content is usually 1 penmnt larger than the total errors
in the measurements, because the curves of figure 12 are
accurate only within &1 percent at low valuea of I/KO.

CO~ FOR AERONAUTICS

CONCLUDING REMARKS

Although the rotating multicylinder method for measure-
ments in ~cing clouds has several-inherent undesirable chrwmc-
teristics, it ii considered to be the most reliable techniquo
lmown at this time that is adaptible to fight use. The mete-
orological data obtained with the multicylinder method are
the only data available for the design of ice-protection equip-
ment for aircraft. An important deficiency of the mot.ho(llies
in its insensitivity in discriminating rmd resolving droplot-
size distributions. The differences among the droplekize dis-
tributions are masked by the scattering of the measured datm
due to errors in measurements, by difhences betwcm
assumed theoretical conditions and those actually prevailing
in the nati cloud, and by errors in the calculations.

Even though the effect of compressibility of the rLiron tlm
droplet trajectories is negligible, the airplane speed should be
maintained as low aspossible in obtaining flight data, because
the final remdts are most accurate at low speeds. Also, the
limitations of ice-accretion rate mused by kinetic heating and
heat of fusion are less severe at low airspeeds. Multicylinder
resuk obtained with limitations on ice-accretion rates mwy
be in error by a magnitude as large as the measurements, if
the effect of run-off is not evaluated. Run-off is a factor in
determiningg the volume-median droplet size and the liquicl-
water content. If run-off is not recognized in the analysis of
the data, the measured data points are incorrectly matched
to the theoretically calculated matching curves.

Different forms of the rnulticylinder instrument are dis-
cussed in reference 25, along with the effects of yaw, ice
density, and other factors on the reliability of data and the
reproducibility of measurements for conditions on a
mountain.

LDme lhIGHT PROPULSION LABORATORY
NATIONU ADVISORY COMMITTEE FOR AERONAUTICS

CLIiTELAND, OHIO, September6,1962

APPENDIX A

SYMBOLS

The following symbols are used in this report:
droplet radius, ft (3.048X 1(Ymicrons) I

K
a
c.
c

2
d
E

F
Q
H

h

I
I*

dr~ cf3eilicient for” droplets in air
constamt
specific heat of air at constant pressure, fMb/(slug) (“C)
cylinder diameter, in.
droplet diameter, microns (3.28X 10-e ft)
collection efficiency based on cylinder radius, dimen-

sionless
drag force, lb
factor to correct (wfEJ., for cylinder diameter
convective heat-transfer coefficient, ft-lb/(see) (sq ft)

(“c)
speci.iic enthalpy of water at state and temperature

indicated by subscript, ft-lb/slug
amount of ice collected per unit frontal area, slugs/sq ft

amount of ice collected per unit frontal area, (mph)
(see) (g/cum)

k,b
L
1
1*

lM
m
m*

Nu
P
!l

Re

&

%

2 p&VJ, ~emiodw
‘Wtia ‘m-eta’ F d
arbitrary evaporation parameters evaluated in tablo V
cylinder radius, ft
length of cylinder, ft
length of cylinder, in.
N1’ach number
mass of ice collected on cylinder, slugs
mass of ice collected on cylinder, g
Nusmlt number, 2LH/r
pressure, in. ECg
quanti~ of heat per unit time per unit cylinder length,

f&lb/(see) (ft)
local Reynolds number with respect to droplet size,

2a~G/p
local Reynolds number with respect to cylinder size,

2Lp.0Z/jL
free-stresm Reynolds number with respect to droplet

size, 2a~D/p
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radial distance from cylinder axis to point in flow field,
ratio to cylinder radius

temperature, ‘C
temperature, ‘R
time, aec
free-stream velocity, ft/sec
air velocity, local at cylinder exposure point, ft/sec
local air velocity, ratio of actual air velocity to free-

stream velocity
average corrected local airspeed, mph
Iocnl droplet velocity, ratio of actual droplet velocity to

free-stream velocity
local vector difference between velocity of droplet and

velocity of air, ft/sec
rate of water collection per unit span of cylinder, slugs/

(sec)(ft span)
local rate of water impingement, slugs/(sec)(sq ft)
liquid-water content in atmosphere, slugs/cu ft
liquid-water content, g/cum
rcctrmguhw coordinate, ratio of actual distance to

cylinder radius L
pressure altitude, ft
angle between z-axis and radial line to point in flow

field, deg
local impingement efficiency, dyJdOj dimensionless
average true airspeed, mph
ratio of specitk heats
ratio of density of water vapor to density of dry air,

0.622
dry-adiabatic lapse rate, OC/m
saturated-adiabatic lapse r~te, OC/m
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impingement angle on cylinder, deg or radians as noted
thermal conductivity of air, ftAb/(see) (sq ft) ~C/ft)
freezing fraction, dimensionless
viscosity of air, slugs/(ft) (see)
density, slugs/cu ft
temperature-recovery factor, dimensionless
time scale, tU/L
R~ 18P~U--- =—, dimensionkwv— .
a PPt@

Subscripts:
aair
c compressible

Criticrd
:dry

evaporation
; freezing
i incompressible
ice ice
1 local at cylinder exposure point
m maximum
o volume median
r run-off
s surface
s saturated
D water vapor
w liquid water
z horizontal
Y vertical
w weighted
o free stream
Superscript:
t applied where velocity terms are in ft/sec

APPENDIX B

STARTING CONDITIONS OF TRAJECTORIES AT LARGE VALUES OF –x

For practicnl renaons the integration of the differential
equations of motion (cqs. (1) and (2)) cannot be started with
tlm NACA nnalog from an inhite distance ahead of the
cylinder. The equations are therefore linearized by an
npproxirnation up to a convenient distance ahead of the
cylinder. The method of linmriz~~ the equations, which is
prewmted in reference 3, results in the following expression
(in the nomenclature of ref. 3):

il!f@
oz=l ——

3?

1—kf@)yo

()

2yo
‘u= --—TGr–

~ (1–2yJ’

M@)yo+(l –ye)’yoApT
L/

M(j$=p+p%olz(-p)
I

I

The exponential integral ~i (-/3) is tabulated in pages 1 to 9
of reference 27. The y ordinate of the droplet is found by
adding Ay to yo.

For the studies of the trajectories discussed herein, the
integration of equations (1) and (2) with the NACA annlog
was always started at x= —5. The accuracy of the preced-
ing linearized starting equations wns checked by integrating
equations (1) and (2) for K=32, 16, and 4 with the NACA
analog from z= —5o to z=—5. The difference inremdts was
within the expected accuracy of the analog. The preceding
linearized starting equations were found to be invnlid for
vnlues of Kless than 0.5. For values of Klms than 0.5, the
equations gave values of OYgreater than the corresponding
values of u~, and values of v=smaller than the corresponding

-values of u.. For values of Kless than 0.5, the starting con-

ditions at z= —5 were assumed to be the same ns those con-

ditions prevailing for the air streamlines. This assumption
is valid, because the droplet inertias are very small.
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APPENDIX C

CONVERSION OF PRACTICAL FLIGHT UNITS INTO DIMENSIONLESS PARAMETERS

The following relations are presented to aid in the interpre-
tation of free-stream velocity (airplame speed), cylinder
diameter, air viscosity, air and water density, and droplet
diameter in terms of the dimensionlessparameters K, p, and
1?%used in this report:

(7K=4.083x10-II ~ (cl)

(C2)

(C3)

(C4)

(c&l)

P.=0.0412** (ctl)

W.=2.745X10-’.EDUVY (C7)

wB=0.329Utd/3 (C8)

where the apeciiic weight of water waa assumed to be 62.46
pounds per cubic foot, and the acceleration duo to gruvity,
32.17 feet per second per second.

APPENDIX D

METHOD OF CALCULATING CURVES OF I/K. AGAINST Eu FOR DIFFERENT ASSUMED DROPLET-SIZE

DISTRIBUTIONS

The procedure for obtaining the over-all weighted collec-
tion efficiency (fig. 12) is explained with the use of a sample
calculation for the B distribution of table II and an assumed
KOQ of 200 (eq. (17)). The over-all -weighted collection
efficiency of one cylinder in a group of cylinders is given as
the final result in table VA. As a basis for b SF@@ the
computation, a value of l/K=4.o is assigned to those drop-
lets in the volume-median group size. (This particular value
of l/K is chosen arbitrarily and will define one point on the
curves of l/Ko against E. for K0W=200 of fig. 12 (b).) A
value of the collection efficiency for K= 1/4.0 is found in
figure 4 and is given in the iifth column of table TCI. The

TABLE VL-SAMPLE CALCULATIONS OF E. FOR
DISTRIBUTION B AND &P400

IllPerrmlt

t+roup
Wefghted

a/a. ~-~ K E mIlmtiOu
glorlp efO@kucy

(a) l/K.-4.O for volmnemdlan droplet size; p-m

I 0.50 5 am ..-– ------
2 .72 10 .131 ----- ------
3 .24 m .127 O.m O.m
4 LIXI M .2M .027 .0x31
5 L 17 2) .343 .Wi . Olw
6 L32 10 .435 . 10I .0103
7 L 49 6 .&w .140 .fwo

Ore-enIVelslltdmIk!CumI?fffokrw,lL______ 0.0357

(b)l/K..LO forrolnme-mwliandroplets@ p-!xo

1 am 5 0.314 acts 0.0134
2 .72 10 .518 . Es . 01.s
3 .s4 m .m .!225 .Olm
4 LW 33 L(O3 . ml .0m3
5 L 17 a L370 .X34 . 076s

6 L32 10 L 74o .444 .W44
7 L49 5 2zll .516 .Uzm

Owr-enmlKhtedC9udhrlefacluloy,EL_____ 0.3015

required value of p is obtained from the original assumption
that KOrp=200; therefore, p=800 for l/K0=4.O. Tlm
weighted collection efllciency is found by taking tho product
of the percentage water in each size group (column 3) and
the collection OfEciancy of column 5. The weighted collec-
tion efficiency is recorded in column 6. The effect of the
variation of the group size on l/K is obtained by dividing
the value of l/K assigned to the volume-median droplet
size (1/K=4.O in this example) by (a/ao) 9, because the drop-
let radius appeam to the second power in equation (3).
The change in K with the change in droplet size is recordwl
in column 4. A value for the collection efficiency is found
from figure 4 for each value of K in column 4. The valuo of
P remains the same as for the volume-median droplet sizo
(800), because the droplet size doos not enter into the
definition of p (eq. (7)).

The -weighted collection efficiency is again the product of
the values in column 3 and the collection efficiency of
column 5. The sum of the individual weighted collection
efficiencies of column 6 is the over-all weighted collection
efficiency. The sum of column 6 in table VI(rL), in combina-
tion with the assigned value of l/Ko to the volume-median
droplet size, defines one point on the B-distribution curvo of
figure 12 (b).

In order to obtain another point for the B-distribution
curve of @e 12 (b), a different value is assigned to l/n
for the volume-medkm droplet size; for exarnplo, in tablo
VI(b), l/K.=1.o. Lowering the value of l/Ko has tho
same effect as decreasing the cylinder size L when the physi-
cal dimensions of the volume-median droplet size, airplane
speed, water density, and air viscosity are maintaimxl con-
stant (eq. (3)), as is actually the physical condition when u
set of diflerent-sized cylinders are flown simultaneously
through a cloud. The procedure for computing the values
in columns 4, 5, and 6 is the same as was dcscribod for toble
VI(a). The only exception is that tho value of p is now
changed to 200 in order to maintain K0p=200 for I/K.= 1.0.
The value of q is maintained at 200 for the calculations in
table VI(b).
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Tlm calculations of reference 3 are different from those described herein, in that, in the calculations of reference 3,
p wns apparently allowed to vary to conform with maintaining KW constant during the calculations for the weighted collec-
tion efficiency. The value of p cannot be permitted to vary during the calculations of the over-all weighted collection
efficiency, because airplane speed, cylinder size, air densi~, air viscosity, and water density are not variables during that
phase of the calculations.

The over-all weighted collection efficiencies, which are the sums of column 6 in table VT, are tabulated in table III for
the values required to draw the curves of figure 12. The values of table HI are subject to a tolerance error caused by the
limit of accuracy in obtaining the collection eiliciencies from the trajectories computed with the analog. The expected error
in determining the collection efficiency for droplets with low inertia was much greater than for those with large inertia. The
expected root-mean-square error of the over-all weighted collection efficiencies of table III, based on the expectation of indi-
vidual random errors, was determined horn the following expwsion:

AH=~(0.05)2(Aa)2+ (0.10)Z(A6)’+ (0.20)2(Ac)2+ (0.30)2(Ad)s+ (0.20)2(Ae)2+ (0.10)2(Afls+(0.05)i (Ag)8

where Aa, Ab, and so forth are actual errors in determiningg the respective collection efficiencies.
square error in the curves of figure 12 has been determined to be somewhat less than 1 percent for
approximately 2 percent for values of E. near 0.01.

APPENDIX E

ALTERNATE METHOD OF REDUCING ROTATING MULTICYLINDER

By pAm T. HAC~B

INTRODUCTION

The method presented in this appendix for the processing
of the flight data to obtain liquid-water content, droplet
size, and droplet-size distribution is identical with the method
presented in section IV of the body of the report up to step
(o) of tho STEPTWSEcwcwmG PRocznmm The plotting
and matching procedure of steps (f) and (g) are replaced by
another graphical procedure that obviates the need for a
series of successive approximations to the value of Kp.
(Symbols are deiined in appendix A.) This method directly
yields two quantities: Kp, from which the droplet size is
computed; and l/Utw, which is inversely proportional to the
liquid-water content. Theoretically, approximate droplet-
sim distribution patterns can also be obtained by this method
by using the calculated impingement data for various
assumed droplet distribution patterns presented in table IL
The theory of the method is presented, and a stepwise cal-
culating procedure is outlined. The stepwise procedure is
illustrated with the same example used for the method
presented in section IV.

THEORY

BASICCONCEPTS, ASSUMPTIONS AND DIMENSIONLESS PARAMETERS

The basic concepts, assumptions, and dimensionlessparam-
eters for this method are identicd with those used for the
standard method.
area on a rotating
is given by

The mass of ice collected per unit frontal
cylinder exposed in a supermoled cloud

(@I)

where L is the average radius of the iced cylinder and E is the
collection efficiency corresponding to this radius. For
clouds composed of droplets of uniform size, the theoretical
collection efficiency E is given in figure 4 in terms of two
dimensionless parameters K and q (eqs. (3) and (7)).

The expected root-mean-
vrduesof E. near 1.0 and

DATA

As is discussed in section III on the IMt31CCONCEPT,the
mathematical condition that Kp is a constant corresponds to
the physical situation existing during the exposure of a multi-
cyli.nder set in flight, and the only unknown quantity is the
droplet radius a for any given exposure. Since .&0 is con-
stant for ill cylinders for a given exposure, it is convenient
to express the theoretical collection-efficiency data of table
III in terms of Kop and q. Figure 28 (a) is a plot of the
collection efficiency Eu ss a function of p for various values
of K.@ for droplets of uniform size (distribution A). This
plot is the working chart for this method of detmmining
droplet size and liquid-water content.
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(a) Distribution A.
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DlZlV2RMSNATIONOF LIQULD-W’ATEBCONTENT AND DROPLET SlZ13 Since L is the only factor that changes the value of p for
anY given exposure, equation (333)is for ~= w ~d oqu~tion
(E4) is for q=q. Solving the two equations for l/Uwt
gives

For droplets of uniform size it is theoretically possible to
determine by this method the droplet size and liquid-water
content horn the amount of ice collected on two cylinders
of diflerent diameter. For practical purposes, however,
severiil cylindesa should be employed in order to d.iminate
errom in droplet size and liquid-water content due to errors
in the measured amount of ice collected on a cylinder. Only
two cylindem will be used, howevex, to develop the theory
of the method.

&sume that two cylindem with initiaI radii of ~,, and
& are exposed for a period of time t and collect amounts
of ice ml and m, respectively. Average radii (~ and ~g)
may be calculated for the two cylinders by the equation

_E,1

Uwt 1,
(Jib)

and
_E,1

Uwt Ii (m)

The right sides of the two expressions may be set oqwd to
each other because Uiot is identical for both. Tlm result
is

(E7)

4’ F“’+JP*C.T1)~+L; (E2)
where q= ~ for the left side and q= m for the right sidw
Equation (E7) states that the ratio of collection efficiency
to the mass of ice collected per unit frontal area is the samo
for all cylinders for a given exposure. Equation (E7) is tho
fundamental reIation upon which this method is based.

From figure 28 (a) it is possible to determine a valuo of
Kp which is constant for a given exposure of cylinders so
that the ratio of the collecton efficiency to the mass of ice
collected per unit frontal area is the same for all values of
p (in this case pl and m). This determination is accom-
plished in the following manner: For a constant vahm of
~, my R, the theoretic~ V~U~ of E me tab~~t~d fiom
figure 28 (a) for various values of -?i@. The values of JYam
then divided by the mass per unit frontal area of the cylinder
I,, and a plot of Kw as a function of E/I, is made. Tlm

from which two values of q (m and q) maybe calculated by
equation (7) and other ilight data. Substitution of values
of mass of ica collected m and average cylinder radius L into
equation (El) gives

L= ~–E,ZJwt (E3).

and

I’=5&-E~wt
where El, l%, and w are unknown quantities; but W, the
liquid-water content, is the same for the two cylindem.
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same procedure is used for m, and the results are plotted
on the same chart as those for W. Curves are faired through
the two sets of points, and the point of intersection of the
two curves determines the value of Kp for which equation
(I37) is satisfied. From this value of Kq the droplet size
can be calcukted by use of equation (17). The intersection
point also determines a value of E/I from which the liquid-
wmter content w can be determined by equations @5) or
0?6), since U and tare known.

When three or more cylinders are employed, all the curves
of I+ against E/I should intersect in a point. If there are
errors in the amounts of ice collected on individual cylinders
or the cloud is not composed of droplets of uniform size,
then the curves will not intersect in a point.

APPLICATION OF METHOD ‘POCLOUDS OF NONUNIFORM DROPLIYPSIZE

Theoretically, this method may be used to determine

npprosinmte droplet-sizedistribution patterns if working

charts (fig.28 (a))are made for the various assumed droplet

distributions presented in table II WorHng charts for
distribution C and E are shown in figures 28 0) ~d (c),
respectively. Three or more cylinders are required to
determine the droplet4ze distribution. The experimental
data are processed for all assumed droplet-size distributions,
and the one that most nearly gives a single intersection
point for the curves of KP againstE/I is the approximate
droplet-size distribution. h was discws.ed in section III,
the droplet size is the volume-median droplet size, the collec-
tion efficiency is the weighted collection efficiency .%, ~d K
in Kp is replaced by Ko for the volume-median droplet
size.

UNITSFOE EQUATIONS

The preceding equations are true for any consistent

system of units. I’orpracticalreasons, certain departuw

from consistent units are desirablefor routine use. Thus,
in the detailed cnlcuIation procedure deamibed in the fol-
lowing section, mixed units are employed with numerical
conversion factors.

STEPWISE CALCULATING PROCEDURE

Steps (a) to (d).-Steps (a) to (d) in the calculation pro-
cedure for this method are identicaJ with those in section
~, ~d items (1) to (14) in work sheet 11 are the same as
those in work sheet I. Work sheet 11 is presented for this
alternate method with an actual observation as an example.

(e) Relative amount of ioe per unit frontal area.-The
mass of ice collected per unit frontal area is determined by
the following equation:

(D)
~*

1*=3.467X 1(? —
J*

For the.cylinders shown in figure 16, the length
ders 1* is 2 inches, and the equation becomes

()
ma

I*=1.734X103 ~

of the cylin-

where Dti is obtained from item (14). Values of I* for each
cylinder are entered as item (15).

(f) Parameter p for average diameters of cylinders.-The
parameta q is calculated for each cylinder by use of the
average diameter D~u (item (14)), V (item (3)), and p/DV
(item (9)). The values of p for the example are 244, 709,
1652, 3870, and 5794 for the five cylinders. These values
are entered as item (16) in work sheet ~ and are indicated by
dashed lines in figure 28.

(g) Tabulation of Eti as function of KOp for values of p.—
Tabulated values of Ea (EUis identical to E for distribution
A) as a function of Koq for the values of p computed in step
(f) are obtained from figure 28 by reading the value of E. for
the intersection points of a constant p line with the K~p
curves. For example, for 9=244 (fig. 28 (a)), the values of
Eo for K.W equal to 200, 1000, 3000, and 10,000 are 0.242,
0.668, 0.840, and 0.912, respectively. If the droplet-size
distribution is to be determined, it is necessary to tabulate
E. as a function of K.P with q constant for all the assumed
droplet-size distributions. The values of K.p and E. thus
obtained are entered in item (17) of work sheet II for the
appropriate cylinder size and droplet-size distribution.

(h) Parameter EJ1*.-The values of Eo for the various
cylinders entered in item (17) are divided by the correspond-
ing value of I* (item (15)), and the results are entered in the
columns of item (17) for EJI*.

(i) Plotting K.w as funotion ofE@/I’*.-For a given assumed

droplekize distribution,the values of Kop in ihm (17) are

plotted as a function of the values ofEJI” (item (17)) for all
cylinders on a single sheet of semilog paper. Curves are faired
through the plotted points as shown in figure 29. The curves
should intersect in a point, if the correct droplet-size distribu-
tion has been assumed and there are no errorsin the amount
of ice collected on u individual cylinder. If the curves do not
intersect in a single point for any drople%ize distribution,
the midpoint of the smallest polygon formed by the inter-
secting curves is used to determine Kop and EJI*. h
inspection of figure 29 reveals that, for the exsmple, the
curves for distribution E (fig. 29 (c)) most nearly intersect
in a point. This dropletiize distribution is entered as item
(18) of the work sheet. At the intersection point the values
of K.q and EJI* are read and entered as items (19) and
(20). These values are 5400 and 8.46X10-’, respectively.

(j) Droplet size,—The droplet size d is determined from
the value of Kop (item (19)) and the following equation:

which is derived from the definition of Kp given M equation
(17). Values of viscosity p and air densi~ p=corresponding
to the corrected air temperature T (item (7)) and the pressure
altitude Z, (item (4)), respectively, may be found in many
references. Another method for iimling the droplet size is to
convert Koq into LKo by items (14) and (16) and use the
graphical method presented in figure 22. For the example,
the droplet size is 14.1 microns and is entered as item (21).
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WORK SHEET H FOR ALTERNATE METHOD WITH AN OBSERVATION AS AN EXAMPLE

Ave~eti&atd atipwd, mph------------------------------------------------------------------------------------ ----- 171
Average true aimpwi, r, mph------------------------------------------------------------------------------------------- 186
Average loc.alairspee~ V, mph------------------------------------------------------------------------------------------ 101
Pressure dtitid~Zn fi------------------------------------------------------------------------------------------------- 7000
Uncorrected airtomperatum, 0c----------------------------------------------------------------------------------------- –10.1
Wetihtimp~tm mmotion, 0C--------------------------------------------------------------------------------------- –2.1
Chreotedtemperature, T, 0C-------------------------------------------------------------------------------------------- -12.2
E~osure period, &WO-------------------------------------------------------------------------------------------------- 216
p/DV,b/(de)~m)---------------------------------------------------------------------------------------------------- 0.7

Cylinder diameter, D, in.
I

(1)
(2)
(3)
(4)
(5)
(6)

[;
(9)

3 I 434
I

(10) Gmmmight, g---------------------------------------------------- 7.44
(11) Tamweigh~ g----------------------------------------------------- 6.34
(12) Net weight ofi~ g------------------------------------------------ L 10
(13) ~rmotednet weight, m*, g----------------------------------------- 1.10

23.66
20.94
2.62
2.62

564
8;96

59.68
55.16
452
4.52
1.291
6068

141.83
136.61

6.22
6.22
a. 02%4
3664

190, 47
183.41

7.00
7.06
4618
2702

(14) D{dm h----------------------------------------------------------- 191
(15) 1*, (mph)(~o)~cum)--------------------------------------------- 9981

I Initial cylinder diameter, D, in.

(16) p for average diametem of iced oylinder, Di.,

Kep
244

I
709 1652 3870

E. I E./I*

6794

I
Eu I EjI*.

I
B.

I
EJI*

I
E.

I
EJI*

I

Distribution

o
2. 34X1O-5
6.21

11.34

0 0
.025 70X 10+
.160 i 49
.432 1212

0
16X1O+

3:22
11.10

200 0.242 2 42X1O+
1, 000 .668 6.69
3,000 .840 R42

10, 000 .912 9.14

0
.004

087
:300

0.042
.348

644
.827

O.51X1O-5
425
7.86

10.09

0
.142
.377

688

Distribution

200
1,000
3,000

10, 000

I I
0.257 2 57X1O+
.630 6.31
.812 8.14
-904 9.06

0.064
.334
.610
.802

O.7SX1O+
408
7.44
9.79

0 0
.155 2 55X 10+
.387 6.38
.653 10.76

0
.042
.177
.434

0
1.18X1W
497

12.18

0
.012
.104
.309

0
.44X1O-6

3.86
11.44

Distribution

200 0.273 2 74X 10+ 0.099
1,000 .604 6.05 .359
3,000 .778 7.79 .588

10,000 .886 Siss .768

0 I o 0
96X 10-5

~ 80
1214

1.21X1O-5
& 38
7.17
9.37

0
.068
.202
.438

0
1.O1X1O-J
5.67

12.29

0
.026
.132
.328

.183 3. 02X10-S

.388 6.39

.627 10.33

.(18) Dmple&e &bution ----------------------------------------------------------------------------------------------- E
(19) Kop -------------------- --------------------------------------------------------------------------------------------- 6400
(20) Etil]*=llVtw*--------------------------------------------------------------------------------------------------- 8.46X10-J
(21) Meaneffectived ropletdiarneter, d, dmm------------------------------------------------------------------------------ 14.1
(22) Liquid-watercontent,w*,g/cu m--------------------------------------------------------------------------------------- 0.30
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l?ICWWd29.—Parameter K@ as funotion of EJ1* for various
oylinder diametem.

(k) Liquid-water oontent.—The liquid-water content w“
is determined from the value of the quantity EJ1* deter-
mined in step (i). This value of EJI*, which was deter-
mined by the intersection point of the curves of KOp against
EJI”, is actually equal to l/Vtw*. The liquid-water content
is determined by dividing the reciprocal of l/Vtw* by the
product of V (item (3)) and t (item (8)). The liquid-water
content for the example is 0.30 gram per cubic meter; this
value is entered as item (22).

DISCUSS1ON

A comparison of the end results by this method (items
(18), (21), and (22) in work sheet II) with those obtained by
the standard method (items (20), (23), and (21) in work
sheet I) shows very good agreement for the liquid-water con-
tent, droplet size, and droplet-size distribution. Droplet-
size distribution E, however, may not be true for either
method, because the curve of KOq againstEJI* for the 4}9
inch cylinder did not intersect in a point with the other
curves. For other sample calculations of actual flight data
not presented here, the agreement was not always as good.
This was especially true for dropletiize distribution. For
liquid-water content and droplet size, the maximum ditler-
ence was of the order of 10 percent. From these sample
calculations some points of interest were observed, asfollows:

(1) The curves of Kop againstEJI* for the %-inch cylinder
very often did not intersect in the same points as the other
curves for any droplet-size distribution. This was especially
true when the amount of ice collected by the %inch cylinder
was large (diameter doubling during exposure time).

(2) The curves of K.w againstEJI* for the %-, lji-, and
3-inch cylinders ueually intersected in a small area for any
droplet distribution pattern (see fig. 29).

(3) For some flight data, no more than two curves of
Kop against EJ1* ever im%rsected in a point for any as-
sumed droplet-size distribution.

The intersection of all the curves of K.q againstEJI* in
a single point for a given droplet-size distribution by this
method is the same as having all the plotted points fall along
the given droplet-size distribution curve by the standard
method. Howeverj droplet-size distribution determinations
are unreliable by either method, because an error in the
amount of ica collected by one or more cylinders will give a
nonexistent droplet-size distribution.

This method requires more calculations and plotting than
the standard method. However, it eliminates the necessity
of approximating the value of KOqoand of matching plotted
points to standard curves by moving one chart with respect
to the other.
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APPENDIX F

ANALYSIS OF HEAT BALANCE AND MASS TRANSFER

ASSUMPTIONS

The heat balance of a system consisting of a rotating
circular cylinder is described herein. The cylinder is tmposed
with its axis at right angles to the air stream in the region
of rmcelerated flow about an airplane flying in a cloud com-
posed of liquid-water droplets at a temperature below
freezing. The following processes must be considered in an
analysis of the heat balance:

(1) Convective heat transfer
(2) Kinetic heating
(3) Impingement of water droplets
(4) Evaporation or condensation
(6) I?reezing
(6) Run-off of liquid water
Since some of the processes involved are not completely

understood, the following simplifying assumptions are made
to avoid undue complexity in the analysis:

(1) The surface temperature is uniform around the cyl-
inder circumference, and awn-age values of the hem%ransfer
coefficient are applicable to the cylinder as a whole.

(2) The expression ●(p,~-p,4)/pa,0 represents the tiective
average di.ilerence in vapor cmmantration between the sur-
face and the air stream.

(3) No condensation or evaporation occum except at the
cylinder surface.

(4) The water droplets strike the cylinder at the free-
stream velocity and temperature.

(5) The conduction of heat tito or out of the cylinder and
the net loss or gain of heat by radiation are negligible com-
pared with the other heat-transfer quantities.

(6) The liquid-water content in the air stream is not
changed by the acceleration caused by the airplane fuselage.

EQUATIONS

The heat balance of the cylinder maybe expressed by the
following equation:

~1—@+q3+q4=o “ @’l)
where
ql rate of heat loss by convective transfer to air stremn
q~ rate of heat gain due to change of enthalpy of water that

freezes on surfaca
qs rate of heat loss due to change of enthalpy of water that

evaporates from surf ace
ql rate of heat loss due to change of enthalpy of water that

runs off in liquid state
The convective heat-tier term q, is expressedas follows:

q,=2~LH(Ts– Ts,d) m)

where Ts,,i is the temperature that would be assumed by a
dry cylinder in ckar air. The dry-air kinetic temperature
rise (Ts,d— TO) is regarded as occurring in two steps: (1)
adiabatic cooling as the airspeed increases from U to Ul,
given by

TO–T,=; (U,’-W)
v

and (2) kinetic heating occurring when air characterized by
Tl and Ul is brought to rest at the cylinder surface:

&d-Tl=&V u,’

where u is the average recovery factor. Eliminating Tl and
substituting in equation ()?2) give

t [
!Z1=Z3TLB r T.–TO–Z 1 ‘1’–~ (l–u)1} (FO

P

The other three terms in equation @l) represent the con-
tributions due to the enthalpy changes of the impinging
liquid water involved in the processes of freezing, evnporrt-
tion, and run-off. It is convenient to express q2, qaj aml q~

in terms of the volume rates of freezing, evaporation, and
run-off defined in equation (21). The heat-balanco tcrnw
qz, qs, ~d q~ may each be expressed as a product of a mms-
flow rate and a change of speciiic enthalpy. If hm,~repre-
sents the specilic enthalpy of the liquid-water droplets under
free-stream conditions (TO, U), the specific enthalpy of the
droplets when brought to rest on the cylinder surface and
before any heat has been transferred between the surfoco
and the droplets is given by the expression LS,O+3W, in
which the second term is the free-stream specific kinetic
energy. The equations for 92,q~,and qi are as follows:
Freezing:

( )q3=2U1Lw1E. h., o+; v—hi,,, s

Evaporation:

0?4)

(F6)

Run-off :

( )q4=2U1Lw,Eu hw,s—hm,o+ (F6)

The rata of evaporation We is obtained from

‘=2”LH%--P0)e m’7)

The relation between heat and mass transfer for water
vapor in air that is implied by the use of the coe5cient
H/cp in equation (F7) is diflicult to justify on theoretical
grounds. Nevertheless, it is supported strongly by oxperi-
mentrd evidauce. In the range of low airspeeds, the equiv-
alent amumption is that the temperature of a wet-bulb
thermometer is equal to the adiabatic-saturation tempera-
ture. That this assumption is true, at least to a very
satisfactory degree of approximation, has been firmly estab-
lished by laboratory experiments (ref. 28) and by many years
of experience with the use of wet- and dry-buIb thermometers
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to measure humidity. Following Hardy (ref. 29), the same relation has been applied successfully at moderate and high air-
speeds during the last ten years in the solution of anti-icing problems, including the successful prediction of the icing
limit at a Mach number of 1.36 (ref. 30).

The evaporation heat loss q~maybe expressed in terms of the convective heat-transfer coefficient by combining equa-
tions (21),

When

@?5), and ()?7) tO obtain

no run-off occurs, w, and

Substituting from
give the following:

“=*rO’;::’’O)@~~-’@+~)~)
g4 are zero; hence, the heat-balance equation becomes

(3?8)

!72=!21+4?3

equations (F3), (F4), and (F8) “in equation

(F9)

(F9), solving for wJEti, and replacing H by KNu/2L

ml(-))

( )2-LUI L, o+; v—hi,,, s
,——.,

The quantity w,Ed represents the volume rate of freezing
esprcss.ed as slugs of ice formed per cubic foot of space swept
by the cylinder. An equation for the volume rate of evapo-
ration in the same units is obtained from equations (21)
rmd (3?7):

Ew%7°0)weEu=— (??11)

Equations (F1O) and (F11) may be used to calculate the
freezing and evaporation rates if the cylinder surface tem-
perature is lmown. By assuming various values of surface
temperature, the relation between freezing rate and evapo-
ration rate may be established and a means provided for
correcting multicylhder data for the effect of evaporation.
In the critical case when the surface temperature is 0° C
and w,= O, equation (l?lO) gives the rate of freezing at the
onset of run-off. Equations @’10) and (F1l) are applicable
whenever w,E~= O; that is, in both critical and subcritical
conditions.

The use of equations @’10) and(F11) requires a lmowledge
of the Nusselt number. For smooth cylinders, the Nusselt
number has been determined as a function of the Reynolds
number (ref. 31). For a cylinder upon which glazed ice is
forming-that is, under conditions in which the water does
not freeze immediately on contact but spreads and runs on
the surface as it freezes-the surface becomes rough, and the
values of Nusselt number for smooth cylinders are not appli-
cable. The following equation (ref. 32), based on a cylinder
with longitudinal grooves, is used herein to determine the
Nueselt number when the surface is presumed to be rough:

iVu=0.082Rti0”747 (F12)

This equation was established for a range of Reynolds num-
bers below 5000. Its use herein for cylinders operating at
higher Reynolds numbers is justified by the fact that the
results agree with observations, as shown subsequently.

In the subcritical condition, the impingement rate is in-
sufficient to raise the surface temperature to 0° C, the run-off
rate is zero, and the impingement rate is equal to the sum

of the freezing and evaporation rates, as shown in the follow-
ing equations:

wE.< (wEd)C,. (24)

T.<O” C (25)

wEu= w,Ea+ WIEW (26)

WJL=O (27)

At the critical condition, the impingement rate is just suf-
ficient to maintain the surface temperature at 0° C without

run-off. Thus, the critical run-off rate is zero and the
critical impingement rate equals the sum of the freezing rate
and the evaporation rate. Hence, at the critical condition,

wEu= (wEe)C,= (W$U)C7+(wfEu)c, (28)

T8=o” C (29)

wJL= (w,EJ,= O (30)

Supercritical conditions occur when the impingement rate
exceeds the critical value. When ice is forming, the surface
temperature cannot rise above 0° C; therefore, the evapora-
tion rate w$., the convective heat-transfer term ql, and the
evaporative cooling term qs remain constant at their critical
values. The run-off rate w,E~ increases from zero with a
corresponding increase in qi, re9nlting in an increase in q~,
since ql and q3 are constant. This increase in q, causes an
increase in the freezing rate. The following equations apply,
therefore, to the supercritical case:

wEti>(wEti). (31)

TK=OOC (32)

w.Eu=(w,EJu (33)

w,Eu>o (F13)

w,Ea>(w,EJw (F14)

An expression for w~E~is obtained from equations @’l) and
Q?4) for the supercritical case:
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h the criticnl case, q4=0; hence,

The excess of the volume freezing rate above the critical
vrdue is given by

Introducing the value of qf horn equation (F6) gives the
following expression for the excess of the actual freezing
rate over the critical:

The excess impingement rate over the critical value is

wEu—(wEo)C,= wfEo— (w~Em)c,+W& (F16)

The fraction of the excess water that freezes, called the
“freezing fraction” in reference 18, is given by

From equations (F15) to (F17) there is obtained

(F17)

(36)

Except at high airspeeds and temperatures close to freez-
ing, $U2 is small compared with hufi-h~,o. hTeglecting
lU’ and noting that

80(hw.s-hav.Jhu,s–hice,s= ~~_To

give the approximate equation for the freezing fraction used
in reference 18:

@’18)

The following expression for the volume freezing rate under
supertitical conditions is obtained horn equation (F17):

w,Eu= (w~EJe,+X[WE.- (wE.).,] (34)

and an expression for the volume run-off rate is obtained
from equations (F16) and (34):

wJL= (1—x)[wE.—— (wE.).,] (35)

.
CALCULATIONS

The values of critical volume freezing amd evaporation
rates presented in table IT were calculated from equations
(F1O) and @n) by setting T.=OO C for the critical condition
and using equation (F12) to determine the Nusselt number
for the rough surface condition. Additional calculations
were made using valuea of Ts intermediate between TOand
the melting point for both rough and smooth surface condi-
tions. Valuea of wd*E~were then plotted as a function of
wf*27ufor each set of flight conditions, and a straight line
was determined for each case to represent approximately the

relation between w,*EU and W1*EWfor rough cylindcm at
the higher values of w~*Euand for smooth cylinders at tho
lower values. The assumption implied in this procedure is
that the surface is smooth at low rates of ice formation and
becomes rough as the critical condition is appronchocl.
Values of the parameters deiining these lines are gbmn in
table V.

The use of equations @’10) and (IN1) requires that scwwrnl
additional quantities be known as functions of the indopmcl-
ent variables. These quantities were obtained as follows.

The Nusselt number was obtained from equation (F12) for
a rough surface and from the curve in reference 31 for a
smooth surface. The Reynolds number R% was evahmtocl
at the local airspeed UZ,the free-stream pressure pa,0, and
the average of the free-strewn and surface temperatum.
The value 1.12 used for the ratio U,/U was obtainod from
measurementsmade in calibrating the multicylinder e.xposum
used on the M6 airplane by the Ames laboratory (ref. 33).
Actual calibrations are not available for other airphmca, but
it would appear reasonable to assume that this valuo is
approximately representative for cylinders exposed at w
position on the upper portion of the fuselage over the trailing
edge of the wing on a conventional transport-type airpkum.

There is some uncertainty as to the over-all temperature-
recovery factor for a cylinder in transverse flow. The vnlue
u= 0.75 ~SS chos~ ss a repr~entative avernge value on I11O
basis of test results summarized in reference 34. The vapor
pressureat the surface p,~ was taken ns the saturation vapor
pressure over ice at the temperature Ts, and the free-streum
vapor prwsure p,, o -was taken as the saturation vapor
pressure over water at the temperature TO,bnsed on tho
assumption of 100 percent relative humidity in the un-
disturbed cloud.

FREE211NGRATES

The calculated valuca of critical volume freezing ratea am
diiiicult to verify from flight data, because a cylinder influ-
enced by run-off usually experiences both subcritical and
supercritical conditions during the exposure period. Under
subcritical conditions, the volume freezing rate w~Eti is
approximately directly proportional to the volume impinge-
ment rate wE*, and the departure of the latter below the
critical value is reflected directly in the mensured avorago
value of the former. Under supercritical conditions, on tho
other hand, the increaae in volume freezing rate above the
critical value is equal to the freezing fraction h times tho
increaae in volume impingement rate. Since X is usually
small compared with unity, variations in volume impinge-
ment rate above the critical value have a much smaller effect
on the measured average value of volume freezing rate then
variations below the critical value. Furthermore, the largest
excessesof volume impingement rate above the critical value
tend to occur at temperatures only slightly below freezing
when the freezing fraction is very small; wherens, at lower
temperatures when A assumes larger mdues, the oritical
impingement rate is larger and the excess of impingement
over the critical value is smaller. It is to be expected, there-
fore, that the effect on the measured average volume freezing
rate of perioda of subcritical conditions (including gaps in the
clouds) would at least offset the effect of supercritical con-
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ditions so that the maximum observed rates of freezing
would not be likely to exceed the critical values.

A comparison of maximum observed and calculated
critical values of volume freezing rate is shown in figure 30
for four cylinder sizes. The measured values represented by
the data points were computid from the origimd records of
weight of ice, exposure duration, and flight speed. The
calculated critical values were obtained by interpolation
from the data of table IV and adjusted for aversge cylinder
diameter by use of equation (23). The average cylinder
diameter was based on an assumed ice density of 0.9 gram

I.e

1.6‘ v

I.4

I I

ti. ii
v I

o

1.2

/

1,0 0

per cubic centimeter, since the smount of entrained air is a
minimum in conditions of run-off. All available multi-
cylinder data obtained in flight by the NACA were examined,
and values of volume freezing rate were computed for all
cases in which run-off was a possibility. Only the higher
values of w~*Euare plotted in figure 30.

The rcmdts show that the calculated critical volume
freezing rate is a good approximation to the maximum
observed rate. The data points are scattered below the 45°
line (representing critical conditions), with a rather sharp
cut-off just below the line. A few points lie above the line,

51
g
!I

=1

I

o .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8
Calculated critical volu

(a) Initialcylinder diameter, ~ inoh. (b) Initialoylinder diameter, M inah.
(o) Initial oylinder diameter, 1% inohes. (d) Initial cylinder diameter, 3 inches.

Fmmm 30.—Comparison of oaloulated oritioal volume freezing rate and madmum measured values of volume freezing rate.
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presumably because of errors in measuring free-air tempera-
ture or weight of ice. The fact that the agreement is good for
d.1values of cylinder diametm shows that the axponant used
in equation @’12) is approximately correct. As the cylinder
size increasea, the number of points close to the critictd line
decreases, because the lower collection efficiency reduces the
chances of encountering critical conditions.
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